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Abstract
To develop porous metal scaffolds that mimic the architecture and mechanical 
properties of the natural bone is a new approach in biomedical applications. To 
develop and fabricate metal foams with optimal properties it is crucial to 
understand their mechanical behaviour and failure mechanisms. The 
microstructure and cellular architecture of these metallic foams dictates their 
mechanical behaviour.  Topology, density variations, fracture mechanics and 
fatigue of cellular aluminium foams, which are not biocompatible, have been 
extensively studied in the past.  However, the failure mechanisms of novel 
biocompatible foams such as porous titanium and stainless steel foams are not 
clearly understood.  Due to differences in the properties of the base metal (i.e. 
aluminium, titanium, stainless steel) various metal foams could behave differently 
under load bearing applications.  This study attempts to improve the fundamental 
understanding of the fatigue behaviour of titanium and stainless steel foams, novel 
materials that maybe used for biomedical applications in near future.   
In the present study, the bending of titanium foam has been simulated using 
Abaqus software and compared against literature data. The crushable foam 
material model in Abaqus, which primarily had been developed for aluminium
foam alloys, was found to be also valid for titanium foam before any crack or 
damage occurs in the sample.  
A model for heterogeneous materials based on the Euler-Bernoulli beam theory 
from experimental data of aluminium foams, has also been applied to investigate 
the mechanical properties of titanium foam.  This theoretical model was found to 
vbe suitable for estimating the Young’s modulus and yield strength of titanium 
foam.    
In addition to analytical and numerical methods, the mechanical properties of 
metallic foams have been investigated by first carrying out static compression tests
on titanium foam.  Pure titanium foams with various porosities were fabricated by 
powder metallurgical process using the space-holder technique with the spacer size 
of 500 to 800 m.  
The fracture behaviours of high porous titanium and stainless steel open foams 
have been characterised and the resistance curves of crack propagation measured.  
The crack growth was optically observed, the measured initiation toughness, ,
analysed, with the effect of material morphology on the discussed. The mode I 
fatigue crack propagation was also investigated for 60% porous open pore titanium 
foams with and without solid coated surfaces as well as stainless steel foam with 
45ppi (pores per inch). Fatigue crack propagation tests were performed on 
titanium foams at 40Hz cyclic frequency and on stainless steel foams at 10Hz 
cyclic frequency.  Specimens were tested with load ratios of R=0.1 and R=0.5 for 
all material conditions.  The versus curves for these compact tension 
specimens were measured and compared using different techniques.  
The expansion of crack bridging zone at the back of the crack tip has shown to be 
a key contributor to the observed propagating crack growth resistance.  The 
compact tension specimens had some or full plastic collapse along the ligaments.  
Titanium foams with higher relative density were shown to be tougher than those
with lower relative density. Based on the fracture mechanics study carried out in
this thesis, it was observed that the titanium foams with the range of examined 
vi
relative densities have suitable fracture toughness for load-bearing bio-
applications.  Fatigue crack growth propagation results revealed that titanium foam 
with 60% porosity has a higher Paris exponent than solid titanium. For a given ,
by increasing the mean stress, the crack growth rate increased.  Titanium 
foams with such high porosity would not be limited in bone-replacement 
applications by their crack propagation resistance as it is superior to different types 
of bone and could be a possible implantation material for various skeleton parts.   
The results attained for crack extension rates were well described by , using the 
Paris-power law approach. Similar to titanium foams, which had higher Paris 
exponent than solid titanium, the stainless steel foam also had much higher Paris 
exponent than solid stainless steel.  The high Paris exponents were explained by 
crack closure and crack bridging.  From these tests it was apparent that the main 
cracks grow along the centreline, following the weakest path through the foams.  
The results obtained from this work reveal that titanium foams with 60% porosity 
have fracture mechanical properties that meet and exceed the required properties 
of both cortical and cancellous bones. With their good biocompatibility, light 
weight, strong structural integrity and possibility of bone in-growth these foams 
are suitable for biomedical applications. Their biomedical usage (as well as other 
industrial applications such as automotive and aerospace) shall not be hindered by 
their fracture and fatigue failure mechanisms. Thus, it will be possible to achieve a 
great long-lasting biocompatible load-bearing implant in near future using titanium 
foam. 
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1C H A P T E R  O N E
1 Introduction
In humans, the bones and joints start to degrade from the age of thirty due to the 
decrease in the bone density and strength [1]; making bones more at risk of
fracture.  Sometimes such bones need to be replaced because of the reduction in 
bone mass.  In such cases, prostheses or artificial implants will be used to replace 
defective body parts or parts lost by injury.  For orthopaedic and dental injuries, 
metals are used widely as they are suitable implant materials for load-bearing 
applications.  There are many different types of metallic implants available, but 
unfortunately none of them are perfect.  Most of the orthopaedic implants last only 
about 10 to 15 years and subsequently need replacements [2].  About 20% of 
patients need to undertake more than one surgery due to the failure of the 
prosthesis.  That is why scientists are in search of reliable materials and structures 
for implants.  
Among the different metallic materials, titanium and stainless steel are broadly 
used for biomedical applications as they are biocompatible, non-toxic and have 
great corrosion resistant and good strength [3-5]. However, there are some 
significant issues with these materials. One such problem is a phenomenon known 
as stress shielding, which is caused by the removal of stress from the bone, and 
therefore reduction in the bone mass and resorption of the bone [6-8]. Titanium 
and stainless steel materials are dense and have a higher stiffness compared to 
bones.  This causes inadequate load to be shifted from the implant to the bone, and 
ultimately loosening of the device.  In this case, bone is exposed to a reduced load 
2and this leads to a decrease in the thickness of the bone mass and then 
osteoporosis.  Therefore, a good bone-implant interface is an essential factor. 
In recent years, a variety of porous metals such as titanium foams and stainless 
steel foams have been developed by researchers and scientists for implantable 
scaffold applications [9-13].  These new porous metals primarily aim to solve the 
stress shielding problems.  However these new porous metals, due to their 
structure, contain voids and micro cracks and have lower mechanical strength than 
solid metals.  
As with any other novel biomaterial, there are at least two main areas, which need
better understanding:
Biomaterial properties: Having good bioactivity and bone in-growth are two very 
important factors required by a biomaterial for biomedical applications.  The new 
porous metals allow bones to grow inside the porosity, and therefore, give good 
biological fixation and speed up the healing time for some patients.  
Mechanical properties:  Density, elastic modulus, weight and surface 
characteristics are all important material properties; however fatigue and fracture 
of metallic foams are of significant importance as orthopaedic biomaterials are 
often subjected to cyclic forces. It is important to study the mechanisms of fracture 
toughness and fatigue crack growth in metal foams and determine their response in 
terms of microstructure. This is particularly important for high porous metals as 
their mechanical strength could decrease significantly with the increasing porosity 
required for the in-growth of new bone tissues and vascularisation.  
3Metallic foams made with aluminium, in contrast to titanium and stainless steel 
foams, have been widely studied and commercially used in aerospace and 
automobile applications [10, 14-26]. Fatigue failure of metal foam is primarily 
dependent on the properties of the base metal.  It is also dependent on the shape, 
topology, and architecture of the metal foams, which are directly affected by their 
manufacturing process.
This dissertation examines the mechanical behaviour of metallic foams for 
biomedical applications.  The novelty in this thesis is to find the range of relative 
density of titanium foams that have matched mechanical properties (e.g. stiffness) 
to various body parts and also are appropriate choices for implants’ material 
selection from a fracture mechanics point of view. The work also aims to find out 
the effect of the microstructure (e.g. Cell size and shape, cell wall thickness) and 
micro-architecture on the fracture mechanics behaviour of the metal foams. This 
enables us to improve the quality of new porous materials for different biomedical 
applications.  
Life is calculated in terms of the number of cycles or time to proliferate the largest 
pre-existing flaw to failure.  The objective here is to explain the strength of the 
metal foams for a specified amount of load cycles and to determine the material 
properties independent of the geometry. Further to the basic mechanical properties, 
an important and original study of fracture mechanics of these novel metal foams 
has been carried out. Fracture toughness and fatigue crack propagation testings are 
used to understand the fatigue based failures of implants.  The growth of micro 
cracks in addition to the effects of the morphology on the crack growth is
examined by fracture toughness and fatigue crack propagation testing.
4The following research questions are proposed in this thesis:
 What are the mechanism(s) of resistance to propagation of a pre-existing 
flaw or crack for porous titanium and stainless steel foams with high 
porosity?
 How base material and foam properties affect the time to propagate an 
existing crack under cyclic loading?
 Can we enhance the properties (e.g. strength, toughness and fatigue crack 
propagation resistance) of these foams to be more suitable for orthopaedic 
and dental applications?
 To what extent is it possible to model the mechanical behaviour of porous 
titanium foam by using existing analytical and numerical techniques?
A thorough understanding of how these novel metallic foams behave under cyclic 
loading is provided by searching for answers to the above questions.      
1.1 Layout of This Thesis
The thesis is outlined into the following sections:
 Analytical, numerical, and basic experimental methods,
 Metal fabrication and morphology, and
 Fracture toughness and fatigue crack growth testing. 
5After this initial introductory chapter, Chapter 2 gives a critical review of 
literature relevant to this work.  The past research on foam materials, their 
mechanical properties, and manufacturing and mechanical testing are reviewed 
and discussed.  This chapter shows that the focus of previous work on bio-metallic 
foams was on the strength and basic mechanical properties of bio-metal foams, 
particularly for titanium foams and stainless steel foams, rather than on their 
fracture toughness and fatigue crack growth resistance.  Thus, it is crucial to 
investigate the damage-tolerance of these materials and study their microstructure, 
which can reveal the main characteristics of the foam’s behaviour.  As there is a 
gap in the literature on the mechanics of titanium foams and stainless steel foams, 
this work focuses mainly on the failure analysis of these porous materials.       
Chapter 3 explains the morphology and process of making foam material.  It 
explains the methods used to make porous titanium and porous stainless steel 
foams for this study.  It is discussed whether the applied method in this study is an 
appropriate technique for manufacturing titanium foams.    
Chapter 4 is on the analytical, numerical, and basic experimental methods of 
titanium foams.  This chapter examines a model from Gibson and Ashby [15, 27]
for heterogeneous materials.  The applicability of using a foam material model by 
Deshpande and Fleck [28, 29], which is based on aluminium foam, has also been 
examined for titanium foams.  Numerical simulation of 3-point bending of 
titanium foam has been carried out.  The results show whether the crushable foam 
material model in Abaqus, which is developed primarily for aluminium foam 
alloys, is valid for titanium foam before any crack or damage occurs in the sample.  
The compressive property of titanium foam has been measured and compared to 
6skeletal components to identify whether titanium foams are good candidates for 
implants for various skeletal parts.  
Following the morphology chapter, Chapter 5 covers the fracture toughness of 
titanium foams and stainless steel foams, and the standards and methods used for 
this study.  In this work the fracture toughness of titanium foams manufactured via 
the powder metallurgy process with variable high porosities and stainless steel 
foams are discussed in terms of cellular structure.  The effect of crack bridging 
zone, plastic collapse along the ligaments, and morphology of these foams on 
fracture toughness resistance are examined.  
Another important mechanical property of metallic foams is their fatigue crack 
growth rate.  The objective of Chapter 6 is to understand the mechanisms of 
fatigue crack propagation in these metallic foams and to compare these results 
with the fatigue data on the bone, dentin, and current implant materials from 
literature. This chapter explains the crack propagation in titanium foams and 
stainless steel foams. The mode I fatigue crack growth of titanium foams and 
stainless steel foam have been measured and explained.  The Paris exponent in 
these metallic foams has been explained by crack closure and crack bridging.
A general discussion is presented in Chapter 7 followed by the Conclusions and 
Future Work in Chapter 8.
7C H A P T E R  T W O
2 Literature Review
2.1 Introduction
Metallic foams have been widely used in the world for different applications such 
as in the aerospace and automobile industries.  These materials could be very 
suitable for implants and biomedical related purposes as well.  This review chapter 
presents a critical analysis of the fabrication methods of metallic foams with the 
focus on titanium foams and stainless steel foams for biomedical applications.  A 
brief review has been presented in this chapter on the history of implants and 
biomaterials for load-bearing applications.  Also a discussion on structure and 
mechanical properties of human bone is presented.  This is important in order to 
design and characterise materials for orthopaedic and dental implants.  In 
biomedical applications, like so many others, understanding of the material 
uniaxial stress-strain, fracture toughness, and fatigue crack propagation responses 
are essential.  In this section, the previous work on such mechanical properties for 
novel stainless steel and titanium foams is also discussed.        
2.2 Bone and Implant
The skeleton is an important section of humans’ body.  The skeleton is a stiff 
connective tissue that is formed by cartilages, bones and joints. Arranged calcium 
phosphate crystals on a protein scaffold make the bone [30]. The skeleton consists 
of about 80% compact material called cortical bone.  This type of bone is very 
dense [31].  The other 20% of the bone are called trabecular or cancellous bone 
and have very high surface area but low strength and density [31].  The compact 
and spongy bones are shown in Figure 2-1 [32].
8Figure 2-1: Compact and cancellous (spongy) bone [32]
Bone mass increases from birth into the third decade.  After this stage it plateaus 
till the end of the fifth decade, before starting to decline.  The bone mass loss is 
more common and rapid in women, particularly a few years after menopause [31].
An average woman losses about 20% of her bone mass by about 70 years of age 
[31].  This could lead to fracture and broken bones and therefore the need for the
replacement of the broken section.  The replacement usually happens in load-
bearing bones, mostly in joints such as hip and knee.  
When there is a missing biological part, a medical device can be used to replace it.  
This medical device is called implant.  In orthopaedic surgery, implants are 
devices that are located within, over, or around the bone.  The need for orthopaedic 
implants, especially joint replacement implants is commonplace nowadays.
The orthopaedic biomaterials market has expanded very rapidly in recent years.  
The demand for orthopaedic implants is great due to different reasons such as the 
increased number of sport injuries, and aging demographics.  Over about one 
9million orthopaedic prostheses are implanted in the United States per year, which 
makes this business a multi-billion dollar industry [33].  In Australia, about 50,000 
joint replacement operations took place in 2002 with an estimated cost of more 
than $500 million [34].  An annual report by the Australian orthopaedic 
association in 2007 stated that the total hip and knee replacement was 332,700 
cases nationwide in 271,188 patients from September 1999 to December 2006 
[35].  Implant replacements carried out each year is increasing compared to the 
previous years.  For instance, as stated by Australian orthopaedic association, there 
was an increase of about 3.5% from 1st July 2005 to 30th June 2006 [35].  In the 
past 12 years only, joint replacement surgery has increased by about 100%.  
2.3 Biomaterials     
From about the 1800’s orthopaedic and dental surgeons were investigating and 
using mostly materials that were already in the market.  However, in the 1960’s 
materials development specifically for biomedical applications occurred [36].
Biomaterials come in four classes:  Polymers, Natural Materials, Ceramics, and 
Metals [33].  The fifth class of material is when two major classes of materials are 
combined to make a composite.    
The fourth class of biomaterials are metals such as Co-Cr alloys, stainless steel and 
titanium alloys.  Co-Cr alloys are not completely immune to corrosion and because 
of the substances released during corrosion are not very biocompatible.  Two of 
the most biocompatible metals are stainless steel and titanium alloys.  The main
reason for choosing such metals for load bearing applications is that they always 
meet the strength requirements for implant design.
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2.3.1 Stainless Steel
Stainless steel was developed as biomaterial for implantation in the 1920’s [37].
Different stainless steels exist for biomedical purposes, but the most common is 
316L (L stands for low amount of carbon) or grade 2 stainless steel.  The reason 
for that is the lower amount of carbon in this material in order to reduce the chance 
of corrosion [36].
Stainless steel is a very strong material with the Young’s modulus of 190GPa [37]
and therefore, is usually used in fracture plates, guide wires, vascular stents, and 
joint replacements.  Stainless steel has great corrosion resistance, formability, 
ductility and also is not ferromagnetic [38].  However, one important disadvantage
is the presence of chromium and nickel that can cause allergic reaction in some 
patients and, therefore, they are less biocompatible than titanium foams [39].
2.3.2 Titanium
Titanium was originally found in 1791 and since then it has been used for different 
applications, such as aerospace and ship industries [40].  But it was in 1940 that 
this material for the first time was used as implant.  Titanium is used extensively in 
either pure or alloy form. Grade 4 of commercially pure titanium and Ti-6Al-4V 
alloy are used more often as implants compared to other titanium alloys.
2.3.2.1 Pure Titanium
Commercially pure titanium, about 99.9% titanium, is unalloyed titanium that is 
assigned different grades having minor amounts of impurity elements such as
carbon, iron and oxygen.  Unalloyed titanium is divided to four different grades 1, 
2, 3, and 4 [40].  The grades are ordered relative to the corrosion resistance, 
ductility or formability, and strength requirements for a specific application.  
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Grade 1 has the highest corrosion resistance, ductility and lowest strength.  Grade 
4 has the highest strength and moderate formability [40].  The oxygen quantity can 
be controlled at different levels to present increased strength for the production of 
titanium structures for medical applications.  To prepare the titanium for 
implantation, the material is subjected to a high-temperature plasma arc that 
removes the surface atoms, revealing new titanium that is instantly oxidised [40].
Oxygen, carbon and nitrogen all have a strengthening effect through solid solution 
strengthening by adding atoms of one element to the crystalline lattice of the other 
element.  A solid solution is formed by diffusion of an alloying element into the 
matrix and this will influence yield, tensile, and fatigue strengths [36].  The 
Young’s modulus of titanium is 110GPa, with yield strength of between 485-
1030MPa, and tensile strength of 760-1100MPa [37].  Titanium has been used as 
joint replacements, pins, screws, and plates.  
2.3.2.2 Titanium Properties for Biomedical Applications
Titanium is one of the most biocompatible materials and has great corrosion 
resistance. In addition, titanium has the natural property to Osseointegrate, which 
means the bone tissue can grow around the implant and make the prosthesis part of 
the body.  That makes it usable for joint replacement and dental implants which 
can stay in place for a long duration [41]. Last but not least, these titanium 
implants are non-ferromagnetic and therefore patients who have titanium implants 
can be checked up without any harm by magnetic resonance imaging (MRI) [40].
This is very convenient for long-term implants.  The elastic coefficient of titanium 
is lower than Co-Cr and stainless steel, and this leads to less biomechanical tissue 
problems and a lower fatigue fracture rate due to cyclic loading [37].
12
A disadvantage of titanium is that while lighter than other bio-metals, it still is not 
as light as bone.  This combined with high elastic modulus can cause eventual 
loosening of the implant. These types of implants are found to last a maximum of 
about 15 years [2].  To improve the life of current solid implants, which is a very 
common issue in patients, a porous coating can be applied. 
2.3.2.3 Porous Coating
Porous coating has been broadly used before to improve the bone-implant 
interface, as shown in Figure 2-2 (M/L Taper Hip Prosthesis by Zimmer). These 
porous coated implants with rough surfaces can prevent encapsulation and 
therefore loosening of the implant and promote long-term interface strength [1, 
42].  However, these implants do not completely solve the mechanical mismatch 
between the implant and the bone because they are still much stiffer than the bone 
and eventually loosening occurs.
Figure 2-2: Partially coated hip implant [43]
2.3.2.4 Stress Shielding
One basic mechanical rule states that in any compound system composed of one 
stiffer material, that stiffer section will maintain the largest amount of the load.  
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Often the implanted part is much stiffer than the bone.  The stiffer part will hold 
the greater body weight load.  This leads to overloading of the component and 
therefore a smaller load on the skeleton around the shaft; referred to as stress 
shielding.  Simultaneously, while the implant bears more stress, less load transfers 
to the bone and translates to a lower interface stress.  This stress shielding effect 
leads to the loosening process and changes the normal stress stimuli for bone 
growth.   Even though the operating procedures of orthopaedic implants such as 
hips and knees have been improved greatly, but still there is no enhancement in the 
lifespan of these implants.  Therefore, for load bearing applications not only high 
strength and high toughness are required for the implants, but also a matched 
stiffness of a biocompatible material to the bone is needed to avoid the stress 
shielding problem.   
This shows that orthopaedic fixations need to be manufactured with elastic 
properties that are similar to natural bone values [8].  If implant materials could 
have similar properties with the bone, they would have shared similar loads and,
therefore, homogenous stress transfer would result.  In this case, stress shielding 
would be reduced.  The bone resorption, due to reduced loading, also would most 
likely not occur.  To alleviate the stress shielding problem, one solution is to 
reduce the Young’s modulus of the material and this could happen by introducing 
pores in metals [44, 45].        
2.4 Foams
2.4.1 History of Porous Materials
Humans have been living for more than four million years and have been using 
materials for different applications [46].  Natural materials have been the first 
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materials to be used.  Among these materials, porous materials such as bone, 
wood, cork, honeycombs and stones had been and still are being used for many 
different applications.  Cellular and porous materials are seen in nature being used 
as load-carrying and weight-optimised structures [47].  These materials have both 
functional and structural applications.  These foams have been used in wide fields 
of technology such as packaging and sound absorption.  These days, not only these 
natural porous materials are available, but also synthesis of man-made porous 
materials, such as metal foams, for different range of applications exists.
2.4.2 Metallic Foams
Metal foams are porous structures, which consist of solid metals and contain a 
large volume fraction of pores. Foam materials are mostly made by infusing a 
foaming agent or a gas into the molten metal. The Fraction of the pore volume to 
the total volume is called the porosity.  The characteristic of metal foams is 
defined by their low or high porosity.  For some metallic foams, over 80% of the 
volume has been filled with void spaces. Metallic foams have discrete pore sizes, 
which are measured as a ratio of amount of voids to solid per linear inch or pores 
per inch (ppi). The pore size for these foams is about 1mm to 8mm and porous 
materials can have porosities in the range of 0.2 to 0.95 [46]. Metal foams with a 
high ppi value have less solid material and, therefore, weigh less. However, they 
keep a high proportion of the strength existing in the original material.
The structure, shape, and topology of metal foams are very important as they have 
a direct effect on the properties of the porous metals.  Foams are exemplified by 
the solid material they are made of.  Therefore they are characterised by the solid 
material’s relative density ( ), the cell size, wall thickness, and by the connectivity 
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and constancy of the cell walls and edges.  Relative density is the fraction of space 
occupied by the solid and is the most important structural feature of a metal foam 
[27]. In metal foams, even though the cell sizes are also important, but as has been 
discussed by Gibson and Ashby [27], most mechanical properties of these foams 
rarely depend on the cell size and depend  more on cell shape.  When the cells, 
even slightly, are elongated, their properties depend on their direction and the 
random orientation in cell walls in three dimension can also have some effect on 
the properties [27].
One factor that shapes a foam is the surface tension, .  When the surface tension 
is the dominant force and is isotropic, which means it is independent of the 
orientation, the cell structure minimises the surface area at a constant cell volume 
[27].  The cell faces in the foam have a curvature.  This is related to the pressure 
difference , which is related to the radius of the curvature by [27]:
Equation 2-1
When the size and shape of cells are identical, is 0 [27]. Above all, the relative 
density is very important in cellular metals. Some models focus on the microscopic 
struts of the cell edges and faces and how they react to the applied load.  However, 
in reality engineers cannot check the cell wall thickness of all the foams they use.
Therefore, by knowing the density of the foam, one of the following equations, 
which relate the cell dimension and shape to the density of the foam, can be used.  
Subscript f stands for foam and s stands for solid.  For open cell foams, where the 
length is , the thickness is , and is the constant that depends on the cell shape,
this formula can be used:
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Equation 2-2
And for the closed cell foams:
Equation 2-3
The structure of foams depends on the base material, the relative density, open or 
closed cell of the foams, and the mean cell diameters. 
Some metallic foams such as titanium foams and stainless steel foams are novel 
materials with low densities and great thermal, electrical and mechanical 
properties [27].  Titanium foams and stainless steel foams are apparently good 
lightweight structural materials, but they have not yet being widely used for this 
purpose.
At present metal foams are costly materials that are usually used in advanced 
technologies such as aerospace and naval industries.  For instance metal foams 
have been used in sandwich cores due to their low density and good shear and 
fracture strength [16].  In addition the mechanical damping of metal foams is 
greater compared to solid metals by up to a factor of 10.   
2.4.3 Processing Techniques of Metallic Foams
Processing techniques for cellular metals is categorised by [9]:
 Condition of the metal
 Construction of the porous architecture
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 Pore-forming ingredients
Each manufacturing technique is suitable for certain groups of metals.  Different 
cellular and porous metals are being produced by research institutes and 
companies.  In this section a number of production methods are discussed briefly 
with a focus on the production technique used to make the porous titanium foams 
with high porosity that are the basis of this work.   
Overall aluminium foams are the most developed cellular metals [10].  When 
metal powders and blowing agents are compacted, they provide a precursor 
material that is foamed at high temperature, and this method is called powder 
compact foaming.  Alulight, IFAAM-Foaminal, and Alufoam are made by this 
method.  Some other well established industrial products are Duocel, Incofoam, 
and Alporas. 
A few other commercially available methods to make metal foams are [10]:
 Direct foaming by gas injection [10] for metals such as aluminium and 
zinc, with achievable high porosity of 80-97.5%.  Hydro aluminium in 
Norway and Cymat aluminium in Canada use this technique to 
manufacture aluminium alloys foams.  The advantages of this process are 
the production of large volume of foams, high porosity foams, and being 
less expensive compare to other foam materials [10].  On the other hand, 
the brittleness and difficulty of cutting the samples are disadvantages of 
this method [10].
 Powder compact melting [10] which allow production of foams with 
porosities of 60-90% are obtainable for metals such as aluminium, zinc, 
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and lead.  This technique is applied by IFAM (Fraunhofer Institute for 
Manufacturing Technology and Applied Materials Research) in Dresden,
Germany. This method is also called powder metallurgy.  Metallic foams 
with uniform pore morphology can be achieved by this technique.  Another 
advantage of this method is that by using a proper mould, a near-net shaped 
piece can be attained.  A disadvantage of this method is that only materials 
with high melting point can be obtained by this technique.  The powder 
metallurgy technique using spacer particles is used in this study to obtain 
titanium foams with high porosity also carry the same advantages and 
disadvantages as mentioned here.           
 Casting around spacer holders [10] is a possible choice for aluminium, 
zinc, lead, and copper with porosities less than 65%.  The main advantage 
of this technique is the ability to control the pore size distribution, as also 
seen in the applied method used in this study for producing titanium foams.  
The disadvantage of this method is the limitation to achieve very high 
porosity metal foams.    
Aluminium foams have been produced for a long time with powder metallurgy 
(PM) precursors.  This experience has promoted researchers to try this method for 
other higher melting materials, such as steel and titanium.  
2.4.3.1 Production of Stainless Steel Foam for Biomedical Applications
The manufacturing process of stainless steel foam used in this work was also 
carried out by IFAM in Dresden, Germany, as follows [13]:
1) a reticulated polyurethane sponge is coated by slurry infiltration
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2) the template is thermally removed
3) the debinded metal structure is sintered
This technique is explained briefly in the methodology section of this thesis.  
2.4.3.2 Production of Titanium Foam for Biomedical Applications
Manufacturing of titanium foams is currently possible with the following methods 
as shown in Table 2-1. Each technique is explained in more details in the 
following paragraphs.   
Table 2-1: Titanium foam production techniques
Production technique Advantages
Plasma-spray method with chemical and 
thermal treatments [48]
*Homogeneous bioactive surfaces
*Small change in surface morphology
Hot Isostatic Pressed method backfilled 
with argon gas [9]
*Faster foaming rates
*Higher porosity
*Good strength values
laser-engineered net shaping (LENSTM)
technique [49]
*Increase the processing flexibility of 
complex-shaped metallic implants
*Reduce the effective stiffness for load-
bearing implants
Plasma rotating electrode process (PREP)
[50]
*Good packing and flow characteristics
*High quality and near net shape
Directional freeze-casting technique [12] *High compressive strength due to high 
powder oxygen content
powder metallurgy method [44] [51] *Controllable Pore distribution and pore 
parameters
*High porosity foams are achievable
 Plasma-spray method with chemical and thermal treatments [48] is carried 
out to produce porous titanium with 40% porosity.  The material was 
supplied by Kobe Steel Ltd., Kobe, Japan with a grain size of 30-90 m. 
The treatments were obtained by immersion in 5 M NaOH solution at 60C
for 24h, in distilled water at 40C for 48h, and heating to 600C for 1h 
[48].  Advantages of this method are having homogeneous bioactive 
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surfaces for samples treated in NaOH, and no reduction in pore spaces (an 
important factor for bone in-growth) as there is a small change in surface 
morphology.  This method is stated to be a simple and economical process.
 Thelen et al. [52], Spoerke et al. [53], Shen et al. [54], and Davis et al. [55]
have used porous pure titanium and Ti-6Al-4V materials manufactured by 
Hot Isostatic Pressed method backfilled with argon gas [9].  To super-
elastically expand pure titanium and Ti-6Al-4V to porosity of up to 50%, 
compressed bubbles of argon have been used.  They have also elongated 
the pores by using a tensile load during the process.   Pure titanium foam 
was made by pressing titanium powders in the existence of argon gas [52]
 Balla et al. have applied the laser-engineered net shaping (LENSTM)
technique [49], as shown in Figure 2-3.  This method has the ability to 
increase the processing flexibility of complex-shaped metallic implants and 
reduce the effective stiffness for load-bearing implants.  In this study, for 
surface modification of laser-processed porous titanium, a bioactive TiO2
layer had been applied to enhance osteo-conductive properties.  Fabrication 
of titanium foams with porosities down to 70 vol.% can be successful with 
this technique.    
Figure 2-3: Representation of LENS process [49]
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 Plasma rotating electrode process (PREP) is another method to fabricate 
titanium foams.  Oh et al. [50] have used titanium foams made by this 
technique with porosity in the range of 5.0-37.1 vol%.  Controlling the 
powder size and sintering conditions affect the mechanical properties of 
porous titanium.    
 Directional freeze-casting technique has been carried out by Yasumasa and 
Dunand [12]. A slurry of titanium powders with diameter less than 45 m
is directionally solidified.  Then by freeze-drying and sintering, titanium 
foams with 57-67% aligned pores are formed.  The titanium foams made 
by this technique are reported to display high compressive strength, due to 
high powder oxygen content.    
As has been mentioned above, different manufacturing methods can lead to 
titanium foams with various mechanical properties that can be suitable for one or 
more orthopaedic or dental application. This is because manufacturing parameters 
in each method can have different effects on the porosity, pore size, and strength 
of the titanium foams. Wen et al. [44] and Imwinkelried [51] have used a powder 
metallurgy method using ammonium hydrogen bicarbonate particles as the spacer 
to fabricate porous metals; this method has been applied for the current work.
Other than ammonium bicarbonate, magnesium particles can be used as spacer 
[11].  The powder metallurgy method used here is appropriate for our study as 
high porosity foams are achievable with this method. Also this procedure is 
appropriate for materials with a high melting point, such as titanium. The pore 
distribution and pore parameters are also controllable with this simple method. A 
distinctive difference in the current study is in the size of spacer particles (500-
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800m) compared to 200-500m by Wen et al., 425-710m by Imwinkelried and 
425-600m by Esen et al. Greater spacer particles give greater pore sizes. The 
greater pore size will increase the biological functions of the titanium foam but it 
could lower the mechanical properties of the implant material.   
2.4.4 Open-Cell and Closed-Cell Foams
In general there are two types of foams.  Pores could be either closed-cell, which 
means there are no interconnected pores or they can be open-cell with an 
interconnected network. Figure 2-4 below shows the morphology of both open 
and closed pores.
Figure 2-4: Magnified micrograph of some micro, macro, closed, and open pores
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Closed pores can be produced by:
 Embedding or cementation of hollow ingredients, also called syntactic 
foams
 Foaming in the liquid state
Closed-cell metal foams have been developed since 1990 [16].  The typical
application of closed-cell foams is as impact-absorbing material, especially for 
high impact loads.  These foams stay deformed after impact and are usable just 
once.  They are light, stiff, and have usually just 10-25% of the density of the 
metal that they are made of [16]. Closed-cell foams have been used in sonic and 
thermal insulators, as well as low-specific-gravity structural components [46].
Open pore structures, also called sponge,  can be carried out by [9]:
 Replication, such as DUOCEL
 Deposition, such as Incofoam
 Construction of solid ingredients with space between, such as the 3D 
networks of lattice block materials (LBM)
 Rapid prototyping techniques
Open-cell foams are being used for various purposes such as filters and carriers for 
catalysts and bioreactors.  Filters made from open cell foams with controlled pore 
sizes can be used for filtration of high temperature gas and fluid [16]. Open pores 
have more applications than closed pores.  Open pore materials have lower density 
and higher specific surface area than solid materials.  These changes in the 
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properties of solid materials due to the pores lead to different applications.   
However, an increase in porosity lowers the mechanical strength of the material 
and therefore limits the practical capabilities of these materials. For some 
operating conditions by using porous materials, both open-cell and high strength 
foams are needed.
Open cells can simply be modelled as a cube with struts of length and cross 
section of side as shown in Figure 2-5 [27]:
Figure 2-5: A cubic model for open cell foams [56]
The cells of real foams are more complex than this simple model.  However, when 
they deform and fail by the same mechanisms, the properties of these open cell 
foams can be understood by omitting specific constants due to cell geometry, i.e. 
parameter C, from Equation 2-2 [27].  The relative density of the sample is then 
related only to and by:
Equation 2-4
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And the Young’s modulus of the open cell foams is calculated by:
Equation 2-5
2.4.5 Metal Foams for Biomedical Applications
Porous metals are an excellent material for prosthesis as these foam materials can 
prolong device lifetime [50, 57].  One advantage of these metal foams compared to 
solid metals is that the stiffness and strength can be tailored very close to the bone 
by changing the porosity. Hence, metal foams can potentially solve the post-
operative problems of fracture and stress shielding of the bone.  In orthopaedic, 
dental surgeries, and tissue engineering applications, bone tissue restoration by 
using porous material is very important.  A good osseointegrated porous implant 
needs to be biocompatible, have a high mechanical integrity and a porous 
structure.   It is also usually important that the materials are biodegradable and
bioresorbable.  This will let them to be replaced with the recently formed natural 
bone.  
Manufacturing parameters such as powder size and heat treatment are important 
factors in the study of titanium and stainless steel foams.  However, to use them as 
implant materials, it is also essential to investigate their tailor-made mechanical 
properties for specialised implantation at various parts of the body. 
During the last decade tantalum foam and Nitinol (NITI) foam have been 
manufactured for biomedical purposes.  Alternatively, titanium foams and stainless 
steel foams as a bulk implant material have not widely appeared yet for 
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orthopaedic applications except in two cases [51, 58, 59], while a large variety of 
manufacturing processes have been published on these metal foams [48].
2.4.6 Porous versus Solid Coating
Implants made with solid materials have been successfully and commonly 
enhanced by porous coating to increases performance of the implants [60, 61]. In
general, a disadvantage of porous coating is the difficulty of evenly covering the 
irregular surface of the implants [62]. The degradation of the porous coating 
material is another disadvantage of coated implants [62]. However, porous 
coatings offer significantly improved longevity through enhancing structural 
integration and therefore stable connection between the surface of an implant and 
the bone, while maintaining or enhancing mechanical properties of the implant.
Properties such as structural integrity between implant and bone are naturally 
carried forward when an implant is manufactured with metal foam. There is no 
literature on using solid coating on metal foam for biomedical applications. 
However, the mechanical properties of a metal foam hybrid with solid coating 
could be significantly improved for applications such as dental implants with 
partially solid coating or in other industries like automotive and aerospace. 
Introducing a solid coating on the entire implant, however, reduces the bone in-
growth capability of the metal foam. 
Nevertheless, fracture and fatigue failure of titanium foams with solid coating have 
been studied in this work. This way, a comparison basis is provided for the 
analyses of fatigue crack growth rate in the porous samples without any coating.
This will help in future design of the implants with partial porous and partial solid 
surfaces, where both high strength and light weight can be achieve.
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2.4.7 Mechanical Properties of Foams
2.4.7.1 Overview
Materials usually go under stress and loads when they are used and in the case of 
structural applications, materials are exposed to cyclic loadings.  It is crucial to see 
how materials behave as a function of applied load, time, and other conditions.  
Two parameters affect the mechanical behaviour of metallic foams.  One is the 
properties of the solid material, and the second one is the architecture of pores
such as density, size and their open or closed structure.  The relative density values 
are taken by weighing the samples.  For instance, Imwinkelried shows that for 
titanium foams with relative densities of 0.37 the tensile yield strength is
[51]. In his study, the density and elastic modulus of the cell walls 
chosen to be those of solid titanium, which are 4.5g/cm3 and 110GPa, respectively 
[63].
For foam materials in structural applications, such as orthopaedic, the degradation 
of strength by cyclic loading is very important [16].  Ordinarily, nucleation and 
crack growth inside the foam are the major causes of this degradation.  As a result, 
crack initiation and growth happens in the cell faces first and subsequently
advances into the cell edges.  For metallic foam, the cell wall gradually bends 
under a compressive mean stress and gradually straightens under a tensile mean 
stress.  This causes a high macroscopic ductility in compression and a brittle 
fracture in tension.  Of course, one important characteristic of metallic foams is 
their high damage tolerance [16]. There should be a significant crack size, at which 
a shift from ductile to brittle behaviour happens for tension-tension fatigue and 
tensile loading of a notched section.  
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In this study, the uniaxial stress-strain behaviour, fracture toughness and fatigue 
crack growth of biocompatible metallic foams, which are key factors in assessing a 
material for load-bearing applications, have been investigated.  This is among one 
of the only studies on fracture mechanics of novel highly porous titanium and 
stainless steel foams.    
2.4.7.2 Uniaxial Stress-Strain Behaviour
A large number of researchers [15, 17-20] have analysed the mechanical properties 
of aluminium foams.  Gibson and Ashby have also covered the mechanical 
properties of commercially available aluminium foams in their book [16]. Figure 
2-6 shows a schematic of the stress-strain curve for metallic foams [16]. This 
curve is characterised by a very long plateau, indicating compression of the foam 
to a large strain, while the stress remained constant.  Densification occurs when the 
foam is compressed to an extent that leads to collapse of all cell walls causing 
them to touch each other.  When this happens, it is harder to compress and,
therefore, the stress is increased.
Figure 2-6: Schematic of compression curve of metal foams
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The linear elastic behaviour of open pore foams can be characterised by modulus 
and Poisson’s ratio [27].  At high porosity metal foams (low relative densities), the 
deformation primarily takes place by bending of cell walls.  By increasing the 
relative density the role of basic compression or extension of the 
cell walls is larger [64].  In closed cell foams, the cell edges bend and extend or 
contract as the cell faces stretch.  This leads to increase the role of the cell wall
stiffness to the elastic modulus [65].  In a simple cubic model, the cell edge 
bending during deformation is shown in Figure 2-7 [27].  By applying a uniaxial 
stress to the open cell foam, each cell edge transmits force (F) and the cell edges 
bend. The Young’s modulus of the foam is given by Equation 2-6 [27]:
Equation 2-6
Figure 2-7: Cell edge bending of open cell foam by linear-elastic deformation [56]
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Other researchers have undertaken an investigation of the uniaxial stress-strain 
behaviour of other metallic foams, such as Levine et al., who have investigated the 
mechanical properties of porous tantalum [66]. They produced an open cell 
structure by the carbon vapour deposition/infiltration technique.  Some important 
biomaterial properties achieved by using this method are high porosity and low 
elastic modulus [66]. Levine et al. found tantalum, which has good 
biocompatibility and bioactivity, to be able to form a bone like apatite coating and,
therefore, allow greater bone in-growth and soft tissue attachment. 
Another investigation of the uniaxial stress-strain behaviour of metallic foams was
carried out by, Balla et al. who have studied a titanium foam with low stiffness for 
load-bearing applications. They used laser-engineered net shaping (LENS) [49]
and found that this technique can be more flexible for processing complex shaped 
metallic implants with porosities down to 70%.  Young’s modulus and strength of 
35-42% porous titanium samples were found to be similar to cortical bone [49].
In addition, Raj et al. have investigated the compression stress-strain curves of 
sandwiched foam 17-4PH stainless steels to evaluate processing techniques with 
theoretical predictions [67]. The data was compared to the literature data on 
polymeric foams, metal foams, and theoretical deformation models.  It was found 
that the magnitudes of the normalized Young’s modulus, normalized shear 
modulus, and normalized compressive yield stress were comparable to the 
literature data.  Due to rigidity of the cell walls, the densification strains of 17-4PH 
foams were lower than polymeric foams [67].         
However, there is limited literature on the mechanical properties of pure titanium 
foams developed by the powder metallurgy method.  Just a few papers on the 
31
stress-strain behaviour of pure titanium foams made by powder metallurgy 
technique exist, such as the study by Imwinkelried [51], who has analysed 
different mechanical properties of titanium foams for different porosities, a
recently published work by Aly on effect of pore sizes (50 and 150 m cell sizes) 
on tensile behaviour of open pore titanium foams [68], and another recent work by 
Singh et al. on characterisation of the elastic-plastic deformation behaviour of 
titanium foams by using micro-computed tomography and finite element 
modelling [69].
The aim in the current work is to analyse the stress-strain behaviour of pure 
titanium foam as the initial step and compare the results against previous studies 
where possible. The study of fatigue and failure mechanical properties is 
developed in later chapters.  
2.4.7.2.1 Previous Work on Compression Testing of Titanium Foams and
Stainless Steel Foams
Several studies on compression testing of titanium foams have been carried out 
using different manufacturing methods and porosities.  Davis et al. have used hot-
isostatic pressing technique to compress titanium powders in the existence of 
argon gas to achieve solid-state foaming of titanium.  The foaming was completed 
during thermal cycling or isothermal setting.  In this study it was shown that under 
compression testing, titanium foam has a similar behaviour to other foams.  First 
linear elasticity was seen, then a plastic collapse plateau was observed with further 
deformation, and after that a fast increase in stress due to densification.  In a study 
by Dewidar et al., a similar behaviour was found in stainless steel foams. The 
static compression properties on 316L stainless steel foam was investigated for 
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foams with porosities of 40%, 46%, and 50%.  Three regions were characterised
for these curves: 1) elastic deformation region, 2) a long deformation plateau 
region, 3) and a densification stage.  The compression strength of 40%, 46%, and 
50%  were reported to be 20, 25, and 32MPa, respectively [5].
In another study by Davis et al., by using the Gibson and Ashby equation 
(Equation 2-7) the Young’s modulus of 67GPa for 22% and 38GPa for 41% 
porosity were found. These values were close to the values this group found with 
ultrasonic evaluation, which were 60GPa and 39GPa for 22% and 41% porosity, 
respectively [55]. Yield stresses measured were about 200MPa for about 22% 
porosity and 120MPa for about 41% porosity [55].
Equation 2-7
Thelen et al. presented experimental data from the uniaxial compression test on 
micro porous titanium foams [52].  In this work, titanium foams were super-
plastically expanded up to porosities of 50% by using compressed bubbles of 
argon that were created by the hot isostatic pressing (HIPing) method.  The stress-
strain curves were shown for 19% porous titanium containing round pores and 
41% porous titanium containing elongated pores.  The initial moduli were reported 
to be 30GPa and 41GPa for 19% and 41% porous titanium foams, respectively 
[52].  The results in this paper for low porous titanium foams were quite different 
from work done by Davis et al. with close cell porosities.  This difference could be 
explained by the effect of different manufacturing method for producing porous 
titanium foams.  
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In a paper by Shen and Brinson [70] the stress-strain response of a compression 
test on 15% porous titanium foam has been reported and used to verify the results 
predicted from 2D and 3D finite element (FE) models.  The experimental Young’s 
modulus was found to be 78GPa, while based on 3D FE models, the Young’s 
modulus was predicted to be 81.4GPa.  The results from 3D were reported to be in 
reasonable agreement with experimental results, while for 2D models the plastic 
responses were lower than experimental responses [70].
Li et al. have also looked at the stress-strain curve in 50% porous titanium foams 
made by superplastic foaming technique and Young’s modulus was reported to be 
5GPa [71].  Takemoto et al. have reported the compression strength values for 
40% porous titanium produced by a plasma-spray method to be 85.2MPa for Yield 
strength, with Young Modulus of 4.7GPa [48].  By comparing the results of 40% 
porous titanium of this work with the work done by Davis et al. (38GPa) and 
Thelen et al. (41GPa) on titanium foams with about 40% porosity, we can 
conclude that manufacturing method will certainly affect the mechanical properties 
of porous materials.          
Chino and Dunand have also reported results of compression on directionally 
freeze-case titanium foams with elongated pores [72].  Engineering compression 
stress-strain curves of foams processed using unidirectional freeze casting and 
water evaporation were reported in this work.  The compressive strengths for these 
titanium foams with 60% porosity and less than 45m powder were reported to be 
between 40 – 60MPa for the freeze-cast foams [72].
Schuh et al. have studied compression strength in 71%, 73%, and 76% titanium 
foams, which were 65, 46, and 30MPa and Young’s modulus of 2.8, 1.8, 1.2GPa
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respectively. Also the compression strength of 80% stainless steel was found to be 
37MPa, with Young’s modulus of 2.7GPa [4].   These titanium foams were 
produced by means of PU-replica technique or gel casting technique.  The effect of 
manufacturing method is also apparent from the results of this work for highly 
porous titanium foams in comparison to the work done by Chino and Dunand for 
high porous titanium with 60% porosity.   
Some research groups have used the same method of manufacturing for producing 
titanium foams.  The powder metallurgy method is a method that has been used 
with different research groups and this method has been applied in our work.  
Imwinkelried is one of the researchers who have used the powder metallurgy 
method.  In his work, the specimens were compressed between parallel cemented 
carbide plates.  Some tests were carried out with intermediate unloading/reloading 
of the cylinders.  The Young modulus was determined by linear regression of the 
linear section of the stress-strain curve.  He found the Young’s modulus and yield 
strength of 62.5% porous titanium to be 9GPa and 67.7MPa, respectively [51].
Wen et al. have studied the compression testing on titanium foams with average 
densification of 60%, also fabricated by powder metallurgical process and shown 
the nominal stress-nominal strain curves of the porous metals.  Imwinklelried and 
Wen et al. have used the same spacer powder, which is ammonium bicarbonate.  
They had reported the average plateau stresses of titanium foams to be 35MPa
[44]. The average Young’s moduli were reported to be 5.3GPa for titanium foams.  
The dense status and porosity of the metal foams were reported to also effect the 
mechanical properties of the porous metals [44].     
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In a another study by Wen et al. the compression test was carried out on titanium 
foam with outer shell of 70% porosity and an overall porosity of 63% and on 63% 
porous titanium without any outer shell for comparison.  Both samples had a pore
size distribution of 200–500m.   The peak stress for porous titanium with outer 
shell was about 152MPa and the elastic modulus was about 4GPa and were 
reported to be very close to the mechanical properties of natural bone.   The results 
for porous titanium without any outer shell were reported to be 109MPa for the 
peak stress, and 4GPa for the elastic modulus.        
In another study Esen and Bor studied the compression test on titanium foams 
made using magnesium as spacer particles by space holder technique.  The stress-
strain curves are for titanium foam with porosities in the range of about 45% to 
70% porosities.  Yield strength values for such foams were reported to be 15 to 
116MPa.  The elastic moduli were recorded to be between 0.42 to 8.8GPa.
Lefebvre et al. have also carried out compression tests on low porous titanium 
foams made by powder metallurgy process.  The elastic modulus was found to be 
about 15.3GPa [73].
If the results from compression test of about 60% porous titanium from different 
studies using the same manufacturing technique be evaluated, shows that for yield 
strength, the study of Imwinkelried shows 67.7MPa, while the two studies of Wen 
et al. were 35MPa, and 109MPa.  This demonstrates that besides manufacturing 
methods, the environment, powder sizes, and type of spacer powders also could 
affect the mechanical properties of porous materials.  The compression testing of 
60% porous titanium foam has been carried out in this thesis and compared to the 
titanium foams with the same manufacturing method and the same porosity from 
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literature.  This may define what factors, other than manufacturing method and 
porosity, could have an impact on the mechanical properties of titanium foams.      
2.4.7.3 Fatigue and Fracture Mechanics
2.4.7.3.1 History
Research on fatigue goes back to the first half of the nineteenth century.  A 
German mining engineer, W. A. J. Albert is believed to be the first who conducted 
a metal fatigue study [74].  Others continued to work on this subject from that year 
on.  By the 1920s and 1930s, fatigue had developed as an important field for 
research.    
Inglis’s stress analyses (1913) and Griffith’s energy concepts (1921) gave the 
mathematical basis for the quantitative treatment of fracture in brittle solids [74].
Griffith’s energy relation is one important subject of fracture mechanics.  This 
approach was founded by an English aeronautical engineer, A. A. Griffith during 
World War I, to explain the failure of brittle materials.  One problem that Griffith 
had seen came from theoretical calculations.  These calculations illustrated the 
stress at the tip of the crack progresses to infinity.  With this explanation, all 
structures with a crack have to fail and that does not depend on size or weight of 
the sample.  Griffith made a thermodynamic approach to solve this problem.  The 
assumption he had was that the crack growth needs formation of surface energy, 
which is obtainable by strain energy loss.  As the crack grows, this is associated 
with the relaxation of local stresses.  With enough strain energy loss, the surface 
energy increases and therefore failure happens. However, these suggestions and 
thoughts did not directly relate to the fatigue failure of metallic materials.  
Progress in this direction came with Irwin.      
37
Irwin modified Griffith's energy relation in 1957 [74]. During World War II, G.R. 
Irwin and his group at the US Naval Research Laboratory (NRL) [74], came up 
with a customised type of Griffith’s approach.  This group used stress instead of 
energy.  The outcome of this work was a new material property, called fracture 
toughness, or KIC.  One difficulty that NRL group faced was that naval materials 
such as ship steel are not perfectly elastic and experience plasticity at the tip of the 
crack.  This will go against the primary assumption of this theory.  LEFM is also 
not very useful for structural steels due to the expense of fracture toughness 
testing.  In addition, the steel will be brittle if a section’s reaction to load is close to 
linear-elastic, and when KIc is calculated, there would be some plastic relaxation at 
the crack tip. Structural steels can experience brittle fracture and lead to 
catastrophic failures.  For instance, separation of the vertical stabiliser of an 
aircraft in 2001 caused a fatal crash.  Therefore, Irwin came up with a crack 
extension resistance curve or R-curve to explain the elastic-plastic fracture 
mechanics.  The R-curve is a plot of total energy dissipation rate versus crack size.  
This can be employed to study the processes of slow stable crack propagation or 
unstable fracture [75]. The R-curve was not very popular until the early 1970s.  
The reasons for that were dependence of the R-curve on the geometry of the 
sample and difficulty in calculating the crack driving force.    
J. R. Rice, in the mid-1960s came up with a novel toughness calculation to explain 
the cases with sufficient crack-tip deformation that the component does not follow 
the linear-elastic estimation.  This analysis, known as J integral, presumes non-
linear elastic deformation in front of the crack tip and applies when the crack tip’s 
plastic deformation does not expand to the furthermost edge of the component.  It 
has been mentioned that the material’s non-linear behaviour assumption is a 
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practical estimate in both shape and magnitude to the actual load reaction of 
material.  JIc is the elastic-plastic failure factor and is typically converted to KIC.
For linear elastic behaviour, the Griffith theory is carried out for the J integral 
method. 
2.4.7.3.2 Fracture Mechanics Testing
Because of the safety factors, the probability of fatigue crack growth and possibly 
of failure needs to be predicted on the basis of testing to failure [76].  Study of 
damage not only is important for solid materials, but also for porous ones.  There 
are two methodologies to study fatigue:
 First is the long-established stress/strain life (S-N) curve approach. 
 The second approach is the fracture mechanics or damage tolerant 
approach.  
In the S-N curve method, the design and life prediction depends on relationships 
between the applied stress or strain and the overall life of the component.  These 
relationships are experimentally established.  For the second approach, the life is 
calculated by the time or the amount of cycles that is needed to spread the largest
pre-existing flaw and cause failure. For this approach the Paris law, which is the 
most accepted fatigue crack propagation model in study of fracture mechanics, has 
been applied. The Paris law, which is based on the crack length , number of 
cycles , and stress intensity factor range has two material constants, C and m.  
This law is explained in more detail later in this chapter and Chapter 6.
With fatigue or fracture mechanics analysis there are different benefits that can be 
accomplished.  The S-N curve approach is mostly used, especially for small 
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components.  There is high-cycle and low cycle fatigue testing.  Under high-cycle, 
low stress fatigue situations, the material distorts mostly elastically. The stress 
range characterises the failure time or the amount of cycles to failure in high-cycle 
fatigue situations.  With low-cycle fatigue, the stresses are generally high enough 
to cause plastic deformation before failure.  With these situations, the fatigue life is 
indicated by the strain range [74, 77].
On the other hand, the damage tolerant approach has many diverse advantages.  In 
this method, contrary to S-N approaches to fatigue, cracks are assumed to be 
already in the material in the fracture mechanics context.  For example, it is 
regularly more conservative, allows a quantitative assessment of the damaging 
outcome of flaws or defects in the material, and presents a realistic basis for 
quality control of the product [75].  Fracture mechanics in combination with the
proper non destructive testing (NDT) method such as X-ray, ultrasonic, visual and 
magnetic techniques can assist quantitative measurement of the potential for fatal 
failure.  The NDT testing methods can help in determining the size of pre-existing 
flaws [16].  With a proper check up process this quantitative information will let 
the component to perform safely until at least the next assessment period and this 
will prevent it from undergoing catastrophic failure.  The sensitivity examination 
of loading cases for fracture mechanics usually let to identify the harmful loading 
cases, and avoid premature failure with proper action taken.  When it is known 
what cause the most damaging failure, the focus can be on the right area and 
therefore the problem can be solved in the best manner.  The damaging aspects 
could be related to loading, environmental, or manufacturing.  Therefore, fracture 
mechanics can give quantitative answers to some questions, such as what is the 
critical crack size at service load? If a system contains a crack, how safe it would 
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be?  How long does it take a crack to grow from the original crack size? For a 
particular structure, how often does it need to be non-destructively examined?  
Finding accurate answers to these types of questions are very important for safe 
operation and prevention of catastrophic failure.  This second approach, the 
damage tolerant method, is the focus of this thesis.     
There have been various studies on the fatigue and some on fracture mechanics of 
different materials.  However, there is a little literature on the fracture mechanics 
of biomaterials and bio-metallic foams, but hardly any literature on fracture 
mechanics of novel porous titanium and stainless steel foams [78].
One example of fracture mechanics analysis of a biomaterial is research on the 
fatigue and life prediction of cobalt-chromium stents [79].  In this work, the 
primary fatigue life calculations were based on a S-N analysis and then added the 
use of fracture mechanics to assess the function of pre-existing flaws.  Here the 
tests were mostly done on the basis of survival.  These types of tests do not explain 
how close a sample is to failure and the possibility of fatigue failure has to be 
calculated on the basis of testing to failure.  Therefore, this paper presented a novel 
damage-tolerant analysis of a cardiovascular stent.  
The literature on fatigue and/or fracture mechanics of porous stainless steel and 
titanium foams are discussed here.  Motz et al. have investigated the fatigue crack 
propagation of hollow sphere structures made of 316L stainless steel with sphere 
sizes of 2 and 4mm by using a electro-dynamic resonance fatigue testing machine.  
From such tests it was shown that this material has a high Paris exponent m 
compared to solid metals.  In this material the fatigue crack propagation was 
concentrated in the vicinities of the sintered necks [21].
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Golovin et al. studied the fatigue-related damping in porous 316L stainless steels 
with 14% to 78% porosity and for porous titanium with 47%, 67%, and 72% 
porosities.    It was observed in these materials, that with an increase in (number 
of cycles) and accumulation of microplastic deformation and damage, they exhibit 
tendency for internal friction caused by cracks, which in turn was manifested in a
change in mechanical performance. An increase in porosity will also enhance this 
effect [80]. They found that the development of micro cracks with increasing 
will increase damping at low amplitudes. 
Imwinkelried has analysed the fatigue under cyclic compression of titanium foams 
with 62.5% porosity using seven specimens [51].  He found that cyclic loading 
lowers the strength of the foam to about two thirds of the static compression 
strength [51].
Teoh et al. investigated the effect of  a cholesterol-lipid solution and range of 
pores on the fracture resistance of titanium foam samples with low porosities of 
between 8.5% and 35% [81].  They discovered that the effect of the cholesterol-
lipid solution treatment was detrimental, and that the effect of this solution was 
less significant on large pore size compacts.  Smaller pore size compacts had 
ductile fracture with higher dimple density than larger pore size compacts [81].
Gerard and Koss investigated the fatigue crack growth on titanium with 0% to 6% 
rounded porosities.  They had found that once the crack extends beyond a plastic 
zone, it decelerates to propagation rates similar to those of fully dense materials 
with a similar grain size [82].
In our study, the fracture mechanics behaviour of high porous novel titanium and 
stainless steel foams are examined.  As listed above, there is a study on fatigue 
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crack growth on hollow sphere 316L stainless steel foams and fatigue related 
damping on high porous 316L stainless steel foams.  However, there is no record 
of any study on fracture mechanics of highly porous 316L stainless steel.    
There is also a study by Golovin et al. on fatigue related damping of high porous 
titanium foams.  Imwinkelried has done a study on compression fatigue testing on 
high porous titanium foams, while Teoh et al. and Gerard and Koss have carried 
out fracture mechanics on low porous titanium foams with porosities 0%-35%.  
Consequently no damage tolerant study up to this date has been carried out on high 
porous titanium foams.  
Cyclic tensile fatigue testing is important for metal foams, especially if they are 
used in structural or load bearing applications.  In solid metals, when they are
subjected to cyclic tension, for that part of testing that solid is in tension, the crack 
will nucleate and grow inward from its surface [27].  In this case, one crack 
dominates and grows rapidly until it reaches a critical crack length and fails.  
There are such components that are initially crack free and in this case engineers 
are interested to know the number of cycles to failure, , as a function of the 
loading conditions [27].  The number of cycles to failure can be described by 
Basquin’s law by:
Equation 2-8
is the strain to cause the failure in one half-cycle, and is a constant [27].
Other materials such as metallic foams contain defects and flaws due to the 
manufacturing process or the structure of the porous material itself.  These small 
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cracks of length a exist and the cyclic stress induces stress intensity at each 
crack and makes the crack grow [27].  In this case, the crack growth per cycle 
( ) is important as a function of the loading conditions, which by using Paris 
law is measured by as shown in the following equation:
Equation 2-9
and are both constants.  In this work, we have investigated the important 
mechanical properties such as fatigue crack growth (by applying the Paris law) of 
porous titanium foams with porosity of 60% or greater and stainless steel foams 
with porosity of 92%, which are the possible future biomaterials for load bearing 
applications. 
2.5 Concluding Remarks
This chapter has established that there is barely any work on the mechanical 
properties particularly the fracture mechanics of titanium foams and stainless steel 
foams for biomedical application.  Thus it is crucial to investigate the damage-
tolerance of these materials and study their microstructure, which can reveal the 
main characteristics of the foam’s behaviour.  Even though there is a great 
improvement in manufacturing of metal foams in recent years, there are many 
imperfections and defects in producing titanium foams as well as stainless steel 
foams.  In order to use porous titanium and stainless steel foams in structural 
applications such as hip and knee implants, it is exceptionally important to study 
the behaviour of these materials under cyclic loading.  As there is a gap in the 
literature on the mechanics of titanium foams and stainless steel foams, this work 
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is dedicated to focus mainly on the mechanical behaviour of these porous materials 
and finding out how to advance the mechanical and material properties of these
foams.
The following chapters present a thorough explanation of experimental and 
numerical analysis of this work in order to cover the observed voids in the body of 
literature.   
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C H A P T E R  T H R E E
3 Metal Fabrication and Morphology
3.1 Introduction
M. F. Ashby said, “When nature builds large load-bearing structures, she 
generally uses cellular materials: wood, bone, coral.  There must be a good reason 
for it.”[9]
As has been discussed earlier, cellular and porous materials are good for so many 
different applications such as packaging, filtration, insulation, and even structural 
applications.  The Powder Metallurgy (PM) process, which is carried out in two 
steps, compaction and sintering, has been used for our purpose and is explained in 
more detail in this chapter.  
3.2 Processing Technique of Foams
3.2.1 Powder Metallurgy for Titanium Foam
To produce open porous titanium material, the sintering of compacted mixtures of 
powder and space holder material, is one of the most promising methods, as it can 
produce pore sizes from microns to millimetres [46]. To obtain the open pore 
structure with the required properties, the following should be controlled:
 Powder properties
 Green body properties
 Sintering processes
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To produce porous materials by the sintering method, powders are being used as 
the initial materials.  Green or green body is the term for the pre-sintered body 
from powder [46]. The powder metallurgical (PM) process is called the space 
holder method. This method is explained in detail later in this chapter; however, 
the production steps may be listed as:
1) Mixing of the fine titanium powder with the space holder substance
2) Pressing of a green body
3) Removal of the space holder
4) Sintering
3.2.1.1 Materials
 Titanium Powder:  Commercially available titanium powder (Atlantic 
Equipment Engineers, USA) was used as the metal powder.  A titanium 
powder with a 	
	

morphology was used.
 Space Holder Powder:  Ammonium bicarbonate, NH4HCO3 (Sigma-
Aldrich) was used as space holder material for the fabrication of metal 
foams.  This material is also called ammonium hydrogen carbonate.  This 
powder is white with an angular shape.  The particles with purity of 99.0% 
were chosen with a size range of 500-800
		

space holder generates suitable pores for bone in-growth [83, 84]. The 
spacer material was chosen based on its chemical properties, such that the 
spacer decomposes totally at a low temperature.   
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3.2.1.2 Powder Properties
Properties of powder are controlled by [46]:
 The particle shape, size and size distribution
 Surface roughness and impurity
 Agglomeration
It is important to know that powder properties affect the porous materials 
properties such as pore shape, size distribution, surface area, and mechanical 
strength [46]. The size and shape of the spacer affects the kind of pores produced.  
For instance, it could give spherical or angular pores with different pore sizes.  
One important note is to avoid contamination of the powder as much as possible.
After using the required powders, the remaining powders must be kept in plastic 
vials in sealed desiccators for next use.
3.2.1.3 Production Method of Titanium Foam
To make titanium foam, the dry method to process green bodies was used.  First, 
the titanium and space holder powder, ammonium bicarbonate, were mixed to 
control the green body packing density and sintering properties [46].  A small 
amount of ethanol was also mixed with the powders to avoid agglomeration.  The 
weight ratio of the titanium powder to spacer was chosen to be 60% to 40% to 
obtain the desired porosity in the foam. 
The relative density of the titanium foams has a large influence on the structure-
sensitive properties of the metal foams [9].  For foam samples with simple 
geometries the densities are determined by weighting the samples and measuring 
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samples physical dimensions.  A digital balance (Sartorius BP 221 S) was used to 
weight the samples and a digital calliper was employed to measure the dimensions 
of the samples.  By dividing the sample’s weight to sample’s volume we obtain the 
density of the sample.  Relative density ( ) and porosity are found by the 
following equations:
= Equation 3-1
	
   Equation 3-2
Powder mixtures were first loaded into the mould.  Then the powder was
compressed into the moulds by cold press, and applying a force to the punch. The 
pressure was applied only from the top. A schematic illustration is shown in
Figure 3-1 with the mould and punch shown in Figure 3-2.  The compaction was 
completed by SUNEX 50 ton hydraulic shop press at room temperature under 
about 200MPa. This is a simple and good method to make green bodies.  When the 
powder is pressed uniaxially, it will have a heterogeneous density distribution
space [46] because of the friction between walls of the mould and the powder and 
also between the particles.  Application of a lubricant, called Combat boron 
nitride, to the walls was used to lessen the friction between the die walls and the 
powder.   
49
Figure 3-1: An illustration of the compaction method to fabricate porous titanium foams
Figure 3-2: A set of die and punch to make porous titanium foams for fracture mechanics testings 
Mix
Pressure
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3.2.1.4 Thermal Processing
After making the green body, the space holder is removed by heat treating and the 
green samples are then sintered at higher temperatures. As titanium is very 
reactive with oxygen and nitrogen, the sintering process is carried out under a high 
vacuum.  This method is a low pressure process where the powders are heated to 
about the melting temperature of the compacted powder and stay in that 
temperature until a metallurgical bond is achieved and the powder compact is 
densified.   
A G-Vac12 high vacuum furnace from CAMCo (Concepts & Methods Co., Inc.) 
was used.  This furnace has a 250 LP/S turbo pump, and operates at a vacuum of 
10-6 torr at a maximum temperature of 1250C (Figure 3-3).  The furnace has a 
space of about 125 125 25mm to hold the material.  
Figure 3-3: Vacuum furnace
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In order to place the compacted material inside the furnace for heat treatment, 
crucibles were used.  The advantage of using such dishes is their ability to prevent 
specimens from being diffused to the container at high temperature.
The heating process to make titanium foam was carried out in two steps. The first 
step was to keep the specimen at 100°C for 10 hours to remove the space-holder in 
a small furnace.  This decomposed the space holder material and initiated neck 
formation of the in contact titanium particles.  At temperatures higher than 60°C,
the ammonium bicarbonate decomposes to ammonia, carbon dioxide and water. 
Then the incomplete sintered materials were transferred to the high vacuum 
furnace to be sintered in an argon atmosphere at 1120°C for 7 hours.  The heat 
treatment cycle affects both the porosity and density.  During sintering, the surface 
area associated with pores is reduced, which led to a reduction of the surface 
energy.  
The temperature of heat treatment in this work was different from the literature 
(Figure 3-4), where the same types of spacer particles was used.  Wen et al. have 
removed the space-holder at 200°C after 5 hours and then sintered at 1200°C for 2 
hours [44, 62, 85] while Imwinkelried removed the space-holder at 95°C after 12 
hours and sintered at 1300°C for 3 hours.[51] One important concern is the effect 
of sintering on the foam material.  Not only the temperature and the duration of the 
heat treatment, but also the location of the sample inside the furnace will affect the 
shrinkage in the sample.  This is primarily due to non-uniform distribution of 
temperature inside the furnace that can directly affect the properties of the foam.  
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Figure 3-4: Heat treatment in 2 steps: first space-holder removal, and then sintering
3.2.1.5 Sintering of Trial Samples
First, five samples were sintered for a trial. Three were in deep dishes and the 
others were on two shallow dishes.  The samples inside the two deep dishes did 
not have any distortion after sintering and these samples had a desirable final form.
Figure 3-5a and Figure 3-5b demonstrate these two samples.  The non-distorted 
samples are shown on the left in both figures.  
The two samples in the shallow dishes were distorted and are shown on the right
hand side in Figure 3-5a and Figure 3-5b. This was found to be due to the
temperature gradient and heat flow in the furnace. These two samples were placed
at a height of 5 to 6cm from the furnace floor. As higher parts of the furnace have
a higher temperature, this could have caused more distortion.  Also it was observed 
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that the porosity and density was not the same throughout the distorted samples. It 
is evident that these samples develop a gradient of density from the sides towards
the centre and are denser on the sides and more porous in the middle and inside of
the samples (Figure 3-5a). This was not observed in the other three samples.  From 
this, the rest of the samples were sintered using deep dishes placed at the lowest 
level of the furnace. 
Figure 3-5: a) Sintered bended and non-bended titanium Samples; b) Bended and non-bended 
samples from a different angle
3.2.2 Powder Metallurgy Replication Route for Stainless Steel 
Foam
The stainless steel foam was manufactured by IFAM in Dresden, Germany, by 
using a replication technique [86]. This PM method is capable of manufacturing 
foams with the desired porosity.  
The method essentially involves three steps: 
Less PorousHigher Porosity
(a)
(b)
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 First, a reticulated polyurethane sponge is coated by a metal powder 
suspension (Atmix 316L, mean powder size 6m). 
 In the next step the substrate and the binder are removed by heat treatment. 
 Finally the components are sintered at 1250°C in hydrogen. 
3.2.2.1 Properties of Manufactured Stainless Steel 316L Foams by IFAM
316L stainless steel is a surgical stainless steel and has been used in medical
applications. 316L stainless steel is an austenitic steel because it contains both 
chromium and nickel.  The chromium gives the stainless steel corrosion and 
scratch resistance, while nickel provides a polished finish, and molybdenum offers 
improved hardness [87, 88].
The pore structure of the stainless steel foams is dodecahedron [86], as shown in
Figure 3-6.  The homogeneous structure of this metallic foam, both in the 
distribution of pore sizes and the dimension of the struts in the foam is due to a PM 
method, the replication technique, used to manufacture this foam [86].  Stainless 
steel foams produced by replication method can have densities of 0.3-2.0 ,
which corresponds to 70-95% porosity.  The cell widths can be 10-80ppi, which 
corresponds to a pore width of 0.2-5.0mm [86]. Our foam with 45ppi is 92% 
porous.
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Figure 3-6: SEM image of open-cell stainless steel foam with cell width of 45ppi 
3.2.3 Cutting
3.2.3.1 Cutting Method for Uniaxial Static Stress-Strain Testing Samples
Accutom-50, a precision cut-off machine, was used to cut the samples.  The pre-
set speed for this machine was in the range of 0.005-3.0mm/s.   The variable wheel 
speed was up to 5000rpm and used a diamond blade.  This cutting machine has the 
advantage of grinding thin sections. The first step in the mechanical material 
removal was grinding. Correct grinding eliminates damaged surface material, 
while initiating a slightly new deformation.  Therefore, it prepares the surface of 
the specimen for polishing if needed.
400 m
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3.2.3.2 Cutting Method for Fracture Mechanics Testing
3.2.3.2.1 Porous Surface Material
One set of 60% titanium foams for fracture mechanics testing were cut by the wire 
cut technique.  The same technique has been applied for the 45ppi (92% porous) 
stainless steel foams.  By controlling the temperature of the wire cut process no 
damage or coating was introduced to the surface of the samples. The advantages of 
the wire cut are the small kerf to cut through softer materials and its precise cut.  
The disadvantages of this method are that the cutting is done at slower speed and it 
is rather expensive.  However it is an appropriate cutting technique for porous 
materials.   
3.2.3.2.2 Porous Material with Solid Coated Surface  
In the other group of titanium foam samples, a thin layer of solid titanium was 
allowed to form around the sample by the heat dissipated from a regular cutting 
process. The solid film of titanium was simply created by localised melting of the 
surface of the samples. The average thickness of this solid titanium film was 
0.5mm 0.02. However, the manufacturing method used in this work to create the 
solid coated surface is only limited to simple plate and regular surfaces and cannot 
be used for complex shapes.
3.2.4 SEM Images of Open Porous Foams
For this study, SEM was carried out using a Supra55.  Various accelerating 
voltages were applied (10-20 kV) depending on the required topology and 
magnification of the surface.  The working distance was 15-25mm.  Figure 3-7
shows the SEM microstructure of the pure titanium foam with a relative density of 
0.40, irregular cell shape and size, as well as a non-uniform distribution of solid 
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metal in the foamed part. A SEM image of 316L stainless steel foam with 
homogeneous structure is shown in Figure 3-6. Open pores, observed in Figure 
3-7and Figure 3-6 enable the body fluid and nutrient transportation and enhance 
the in-growth of the new bone tissues through the foam.  This type of foam is 
therefore suitable for osseointegration implant materials as the variability of pore 
dimensions in cancellous bones is also significant and increases with age [42].
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Figure 3-7: a) Open foam; b) Close up of a macro-pore
3.3 Concluding Remarks
The PM method using ammonium bicarbonate for titanium foams and the PM 
replication route for stainless steel foam have the following advantages:
 There are minimal secondary operations required with this method
 Unique composition and structures are possible 
 Good surface finish is achievable
 The PM replication technique allow making high porosity samples with 
homogeneous structure 
 The PM powder compaction technique can also create high porous 
samples, however with heterogeneous structure
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The disadvantages of this method are:
 Shapes and features that can be generated by this technique are limited
 Large samples are difficult to manufacture
 Due to sintering the size of the sample will change
 Difficult to produce high purity samples
 Storing and handling the powder is not easy
 High production costs
As any other manufacturing method, the PM technique has its pros and cons.  
Overall, the PM powder compaction was a suitable method to make the titanium 
foam and the PM replication route was a proper technique for manufacturing the
stainless steel foam.
60
C H A P T E R  F O U R
4 Mechanical Properties of Titanium Foam 
under Simple Loading Conditions
4.1 Introduction
There are various analytical and numerical models and methods to examine an 
inhomogeneous materials’ property. The implant material in the body may 
undergo several complex loading conditions, which can be simplified and 
characterised by few material properties in some basic deformation modes.  One of 
the most important material properties is the uniaxial stress-strain relationship, 
which is evaluated by a compressions test for titanium foams in this thesis. This 
chapter first investigates the mechanical properties through experimental 
procedure.  The observed data are compared against various skeleton body parts.  
Then, a model from Gibson and Ashby for heterogeneous materials is examined 
for the titanium foams. This model is primarily based on experimental 
observations using aluminium foams with certain assumptions and simplification 
to represent foam material properties. The applicability of this model is studied in
this chapter for titanium foam ranging from open to close-pore with variable 
porosity.
Moreover, the applicability of a crushable foam material model developed by 
Deshpande and Fleck, which is based on aluminium foam, is also examined for 
titanium foams. This material model is used in the context of a three-point 
bending test of a titanium foam specimen, which is simulated by finite element 
modelling.  
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4.2 Uniaxial Stress-Strain Behaviour
The compressive uniaxial stress-strain behaviour of titanium foam has been briefly 
investigated in this section.  By compressing, the volume of the sample is reduced.  
The resultant stress-strain curve represents the relationship between the measured 
applied load on the sample and the measured deformation of the sample.  The 
linear part of the curve is the elastic region with small stresses and strain and the 
slope of this portion gives the Young’s modulus.  Then there is a yield point, 
where the curve slightly decreases.  With the additional deformation, a plastic
collapse plateau is detected.   
4.2.1 Compression Testing on Titanium Foams
For several porous titanium specimens with 	63% porosity, the compressive 
mechanical loading was carried out to obtain the complete stress-strain response.
The specimens were compressed in a screw-driven Instron 5567 servohydraulic 
load frame (Figure 4-1) with a 30kN load cell at room temperature with a strain 
rate of 10-3s-1.
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Figure 4-1: Compression testing device with 30kN load cell
The compression test of pure titanium foam was carried out using cylindrical 
shape specimens 15mm in length and 10mm in diameter (Figure 4-2).
Figure 4-2: Cylindrical titanium foam sample
A laser extensometer was used to observe the displacement of the platens (Figure 
4-1).  The compressive stresses were calculated from the load and the original 
Laser Extensometer
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sample sizes.  The strains were calculated from the displacement and the original 
gauge length.  The result shows a conventional stress-strain curve for porous 
metals in compression.  A primary deformation was demonstrated followed by a 
plateau region, related to fail of the pores, and then an inflection increases 
corresponding to densification. 
The stress-strain curve from the test is shown in Figure 4-3 and the sample after 
compression test has been shown in Figure 4-4.  The result from this test is 
compared with the literature data, based on a similar method and similar porosity 
[44, 51, 62, 85] but with different temperatures and spacer particle sizes [44, 51, 
62, 85], and most likely different sizes of titanium powder [44, 51, 62, 85].
Figure 4-3: Compression stress-strain curve for pure titanium foam with 63% porosity
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Figure 4-4: Pure titanium foam with 63% porosity after compression
In this study, the Young’s Modulus was 6.5 1.3GPa with a yield strength of 
87 5MPa. The experimental errors were estimated from the results of three test 
samples.  From literature data, for samples with about 60% porosity, the Young’s 
modulus is reported to be 4.5GPa [62, 85] or 9GPa[51] with a yield strength of 105 
[85], 122 [62] and 67.7MPa [51].
The mechanical properties of this foam under compression are close to the skull 
bone where a Young’s modulus of 5.6GPa and yield strength of 96MPa has been 
reported [62].  The Young’s modulus of pure titanium foam is also very close to 
alternate osteon (7.4 1.6GPa), longitudinal osteon (6.3 1.8GPa), transversal 
osteon (9.3 1.6GPa) [42, 89], cancellous bone of the temporomandibular joint 
(TMJ) with 7.93GPa [90], and femoral condyle (cancellous bone) with 4.9GPa
(Figure 4-5) [62].
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Figure 4-5: Young’s modulus of different body parts in comparison to 63% titanium foam
The size and type of the spacer powder, metal powder, the heating temperature, 
and manufacturing method affect the porosity and mechanical properties of the 
samples.  For instance, Esen et al.[11] used magnesium powder as a spacer and 
obtained a titanium foam with a porosity of 70% and Young’s modulus of 8.8GPa,
while Wen et al. [62], who used ammonium bicarbonate spacer, reported a 
Young’s modulus of 3.4GPa from their foam with 70% porosity.
4.3 Gibson and Ashby Model
4.3.1 Overview
Gibson and Ashby’s model, based on the simple Euler-Bernoulli beam theory, is 
the study of two and three dimensional (2D and 3D) porous structures using a
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honeycomb configuration.  Beam theory can be used to derive some properties of 
porous materials, such as elastic modulus, yield strength and fracture strength [15].
This theory calculates the beam’s load-carrying and deflection characteristics.  
Gibson and Ashby have set some assumptions for their analytical model, 
including:
1) The geometry of the porous material is represented by the geometry of 
repeating hexagonal cells.  
2) The relative density of the honeycomb structure is low, which means a high 
porosity.  This is based on the theory that the thickness of a cell wall is 
much smaller than the length of the cell wall.  Then the walls are isotropic 
and homogeneous beams.  
3) For the elastic analysis, the shear deformation and axial extension or 
compression of the beams are negligible.  
4) The strains are small enough that they do not change the geometry.  
Therefore, the cell geometry is constant.  
The honeycomb density based on the above assumptions is defined as:
=
Equation 4-1
Subscript refers to the porous material and to the solid material. is cell wall’s 
thickness and is cell wall’s length as shown in Figure 4-6.
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Figure 4-6: Hexagonal honeycomb cell
4.3.2 Gibson and Ashby Method for Titanium Foams
An analytical method based on the Gibson and Ashby [27] theory is applied here 
to investigate the mechanical properties of titanium foam.  This method was 
primarily developed for foams and porous materials based on experimental data of 
aluminium foams.  Several assumptions have been set by Gibson and Ashby [27],
as explained before to derive the theoretical solutions. Gibson and Ashby [27]
analysed foam properties in terms of some parameters such as Young’s modulus 
ratio, yield strength ratio and porosity.  Then the properties were compared with, 
and calibrated against, experimental data to present equations proper for design 
[27].
The Young’s modulus of the foam ( ) is related to the Young’s modulus of the 
solid ( ) by [27]:
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Equation 4-2
and the yield strength ratio of the metallic foam to solid material in compression is 
related according to [27]
Equation 4-3
where , the distribution constant, is the solid volume fraction in the cell edges.  
=1 corresponds to fully open cell foams, =0 is for fully closed cell foams and  
represents partially closed cell foams.  is the relative density, which 
is defined in Equation 4-1. Equation 4-2 and Equation 4-3 were derived based on a 
simple model of open and closed cell foams proposed by Gibson and Ashby [27].
This theoretical model simplifies the complex and irregular microstructure of the 
metal foams with a hollow cubic cell that has different thickness at the cross 
section of the edges and faces.
To compare titanium foam used in this thesis with the Gibson-Ashby model and 
literature data, the above equations were used to calculate and for 
both open and closed cell titanium foams. The calculated yield strength ratio and 
Young’s modulus ratio as a function of material porosity are presented and 
compared with the experimental results in the next section.   
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4.3.3 Young’s Modulus Ratio
Figure 4-7 shows the data of the Young’s modulus ratio of the foam to the solid
plotted against porosity.  In this figure, the theoretical predictions from Equation 
4-2 for open-pore foams with =1 and for closed-pore foams with =0 are 
presented.  Experimental data from the literature with a wide range of densities are 
mapped onto this figure and compared with the solid line for the open-pore and 
dash lines for closed or partially closed pore foams from Equation 4-2 with values 
of .  In addition, the Young’s modulus ratio from the current study is 
plotted.  Open-pore foams are plotted with open symbols, with large open symbols 
representing more open-pores than the small open symbols.  In comparison to 
theoretical values, the Young’s modulus ratio of the material in this study is close 
to that of distribution constant 1 (solid line) and, therefore, could be considered as 
an open-pore foam.  Not all open-pore experimental values are so close to the 
distribution constant of 1 (solid line).  The equation appears to overestimate the 
actual Young’s modulus, possibly due to cell wall folds and broken membranes 
[91]. This analytical method contains a number of estimates but rough calculations 
still give expressions that are well approximated by the equations and are 
supported by experimental data.  This comparison shows that the theoretical 
method to a large extent provides a good prediction of the relation between the 
distribution constant and Young’s modulus for the titanium foam with minor 
errors.    Therefore, with a known Young’s modulus it is possible to use the 
theoretical model to give an estimate of the pore morphology (open or closed cell) 
in a titanium foam.
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Figure 4-7: Young’s modulus ratio of titanium foam to titanium solid as a function of material 
porosity
4.3.4 Yield Strength Ratio
Data for the yield strength of the foams, normalised by the yield strength of solid, 
are also plotted against porosity in Figure 4-8.  In this figure, the theoretical results 
for open-pore foams and closed-pore foams are represented by Equation 4-3.
Experimental data from the literature are incorporated in this figure and compared 
with the solid line (open-pore).  The yield strength ratio from the current study is 
also plotted.  In comparison to the theoretical values and the literature data, the 
material in this study is located on the solid line (distribution constant of 1).  
Several experimental data from the literature are also close to the solid line.  The 
data from 11 studies and this study are all located between a distribution constant 
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of 0.4 and 1.  This comparison shows that the distribution constant from the 
theoretical simple model and experiment (i.e. when yield strength ratio and relative 
density are a priori known) are comparable with a good approximation and with 
errors of less than 2%.  
Figure 4-8: Yield strength ratio of titanium foam to titanium solid as a function of material porosity
4.3.5 Microstructural Observation
Therefore, the theoretical model is found to be suitable for estimating the Young’s 
modulus and yield strength of titanium Foams.  The foam in this work can be 
considered as a fully open pore foam ( ), by the analytical predictions 
presented in Figure 4-7 and Figure 4-8. This can also be justified by the 
microstructural observation of the pore morphology in 	60% porous titanium 
foam, as demonstrated using scanning electron microscopy (SEM) (Figure 4-9).
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Open pores in the titanium foam comes in irregular cell shapes and various sizes
due to the applied PM technique.  There are micro-pores and macro-pores.  The 
variability of the pore dimension in cancellous bone is also significant and 
increases with age [42]. The micro-pores are from the volume shrinkage due to 
sintering process during the heat treatment [44].  Macro-pores are important for 
implants as they allow bone ingrowths and transport of the body fluids. Macro-
pores have rough cell walls and look like a honeycomb [44].  These characteristics 
of macro-pores are supportive and essential in the osteoinductivity [1]. Therefore, 
high porosity and surface roughness support adhesion and differentiation of 
osteoblasts  [92]. The high porosity also assists the scaffold to interconnect with 
the bone and avoid the migration of the implant [92].  Therefore, porous metal 
foams improve implant stability. From the SEM image one can observe the non-
uniform distribution of pores with variable sizes in the specimen.          
Figure 4-9: SEM micrograph of the different open pores in the titanium foam
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4.4 Numerical Modelling
4.4.1 Overview
In this study the three-point bending of the metal foams are computationally 
modelled and the simulation results are compared against recent data by 
Imwinkelried [51]. The three-point bending simulation of the metal foam was 
carried out using Abaqus/explicit software [28]. This FEA solver is generally used 
for dynamic applications, such as high speed crash or impact simulations.
However, to ensure the quasi-static performance of the three-point bending 
simulations, the ratio between internal energy and kinetic energy were kept 
minimal without any stress waves in the sample. 
A suitable material model is required in the finite element analysis to understand 
the mechanical behaviours of titanium foam under complex loading condition. The 
Abaqus built-in material model of the crushable foam with isotropic hardening was 
used. This material model, which is developed by Deshpande and Fleck [28], is 
primarily based on the experimental tests of aluminium foam [93]. In this section 
the capabilities of the foam mechanics model for various porosities are 
investigated and the applicability of the built-in crushable foam material model for 
titanium foam is examined.
4.4.1.1 Three-Point Bending Test
For the three-point bending simulation, a 2D plane strain model was constructed. 
Due to symmetry, only half of the sample is modelled (Figure 4-10). The support 
and die were modelled as analytical rigid bodies with 15mm in between. The 
width and height of the specimen were considered 8mm and 4mm, respectively. 
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The die was loaded downward with a 1.5mm deflection while the support was 
fully fixed.
Figure 4-10: Simple model of 3-point bending test
Simulating the irregular foam cells explicitly is not trivial. Instead, the foam has 
been treated here as an isotropic homogeneous material. The specimen was 
meshed with CPE4R element types in the bending tests.  Meshes were refined to 
avoid large mesh distortion, while keeping the simulation time reasonably low. 
The simulations were completed within less than 5 minutes CPU time on an Intel 
Pentium 3GHz desktop PC. 
As mentioned earlier, the material model of Deshpande and Fleck was used in the 
three-point bending simulation. Figure 4-11 shows the yield surface and flow 
potential for this material model in the stress space of , where is the mean 
stress and is the effective Mises stress [29]. The shape factor  of the yield 
ellipse is defined by Equation 4-4 and the plastic Poisson’s ratio is shown in
Equation 4-5, using the parameter . This parameter can be calculated using
Equation 4-6.
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Equation 4-4
Equation 4-5
Equation 4-6
Figure 4-11: Crushable foam model with isotropic hardening: yield surface and flow potential in 
the stress plane [29]
The slope of the linear section of the experimental compressive stress-strain curves  
for 11 porosities, shown in Figure 4-12 [51], was used as the Young’s modulus 
( ). The elastic Poisson’s ratio was chosen as 0.33 [93].
Flow potential
Uniaxial compression
Yield surface
Original surface
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Figure 4-12: Strain hardening curves obtained by static compression test of titanium foam with 
different porosities[51]
To complete the input data for the material model parameters and must both 
be determined. To validate the selection of proposed values, a series of 
compression simulations were carried out in a parametric study of and . The 
parameter as a function of is shown in Figure 4-13. To obtain this graph, 16 
numerical simulations of the values with 0.2 intervals were considered between 
0 and 3, and compression tests were carried out for porosities in the range of 
51.5% to 78.8%.  The compression simulations were performed with a 2D 
axisymmetrical model of a metal foam bar with circular cross-section. Figure 4-14
shows one such simulation, which for the sake of visualisation is rendered into a 
3D view using Abaqus/CAE post-processor.
0
50
100
150
200
250
300
350
400
450
500
0 0.1 0.2 0.3 0.4 0.5
St
re
ss
 (M
Pa
)
Strain
51.5%
54.3%
57.7%
59.9%
62.5%
65%
67.4%
70.6%
73.6%
76.2%
78.8%
77
Figure 4-13: Plot of as a function of parameter
Figure 4-14: Compression simulation of a metal foam bar in parametric study to validate 
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Figure 4-15 shows =0, 1.5, 2.0, and 2.9, respectively for 51.5%, 62.5%, and 
78.8% porosities.  The deformed shape of the porous titanium foam with values 
of 0, 2.5 and 2.9 is shown to be unrealistic with significant mesh distortion. The 
foam with a value of 0 behaves incompressible, while foams with values of 2.5 
and 2.9 are shown to be rather compressive with finite elements overlapping, 
which is physically unacceptable and numerically incorrect. On the other hand, a
value of 1.5, which is near the value for the low density foam (see Figure 4-13),
shows an acceptable deformation behaviour with displacements that are in 
agreement with experimental data. Thus, the parameter , the ratio of initial yield 
stress in uniaxial compression to hydrostatic compression was chosen to be 
calibrated as 1.5 0.05. Figure 4-16 shows the calibrated values versus porosity 
where the upper and lower bands of variation of the value are also highlighted. 
Consequently, with =1.5 0.05, the value of parameter was simply calculated 
using Equation 4-5.
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Figure 4-15: Axisymmetric compression a metal foam bar in a parametric study to validate 
values between 0 to 3 and porosities (P) between 51.5% to 78.8%
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Figure 4-16:  Calibrated versus porosity
The plastic part of the experimental compression curves was input to Abaqus as 
the strain hardening data [16]. The maximum bending stress is calculated from 
maximum bending moment using Equation 4-7 [94]:
Equation 4-7
where is the reaction force at the node where the bending boundary condition is 
applied, (shown in Figure 4-10) and is doubled to consider the symmetry. is the 
distance between the supports, is the width, and is the height of the sample.
4.4.2 Two and Three Dimensional View of the Finite Element 
Simulation
The deformed shape of the titanium foam specimen with a porosity of 78.8% 
under three-point bending is shown in Figure 4-17. Three dimensional 
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representation of this specimen is shown in Figure 4-18 by mirroring at the 
symmetry plane and extruding in the thickness direction.  It is clearly shown that 
the maximum Mises stress is localised at, and around, the bending region. For the 
range of porosities studied here (51.5% to 78.8% porosity), the bending stress 
versus displacement is plotted in Figure 4-19.
Figure 4-17: Two dimensional view of the effective mises stress contour from the FE simulation of 
the titanium foam 3-point bending test
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Figure 4-18: Three dimensional view of the effective mises stress contour from the FE simulation 
of the titanium foam 3-point bending test
4.4.3 Bending Stress versus Displacement Curve
The results of the 3-point bending simulation shown in Figure 4-19 are in a good 
agreement with the experimental data from [51], where the lower porosity gives a 
higher bending yield stress.  The softening observed after the appearance of the 
first crack in the experiment [51] is not considered in our models. Therefore, 
bending stress trend is predicted accurately only up to nearly 0.7mm deflection. To 
predict the trend of softening in large deformations, it is necessary to include a 
damage or failure criteria in the model that takes the appearance and existence of 
cracks and voids into account.  
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Figure 4-19: Curve of bending stress vs. displacement for 3-point bending test
4.5 Concluding Remarks 
The foam studied here with the 500-800m spacer particles has a Young’s 
modulus of 6.5 1.3GPa and yield strength of 87 5MPa.  The mechanical 
properties of this foam by compression testing was found to be very close to the 
skull with Young’s modulus of 5.6GPa and yield strength of 96MPa and therefore, 
it is a good candidate for such type of implant.  The Young’s modulus of the pure 
titanium foam was also very close to all three types of osteon [42, 89], cancellous 
bone of the TMJ, and femoral condyle (cancellous bone).  Therefore, this foam can 
also be a suitable material for implantation at these parts of skeletal system.  
The analytic predictive approach by Gibson and Ashby has been also examined in 
this chapter and it has provided results that are consistent with the experimental 
84
findings of this study and literature data. The theoretical model is found to be 
suitable for estimating the Young’s modulus and yield strength of titanium Foams.
Numerical simulation of the 3-point bending of titanium foam has been carried 
out.  The stress strain curves from the 3-point bending simulations are in a good 
agreement with the experiments from literature.  The results clearly show that 
crushable foam material model in Abaqus, which is developed primarily for 
aluminium foam alloys, is also valid for titanium foam before any crack or damage 
occurs in the sample. Our preliminary results indicate that this material model is 
applicable for virtual in vivo tests of titanium foam implants, where the structural 
performance of the porous implant could be investigated.
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C H A P T E R  F I V E
5 Experimental Study on the Fracture 
Toughness of Titanium and Stainless Steel 
Foams
5.1 Introduction
To develop a good implant it is very important that the mechanical properties of 
the chosen material mimic the bone.  Among the many mechanical factors, the 
fracture mechanics of the bone and therefore the implant material replacing the 
bone, are important issues.  This chapter will study the fracture toughness of 
titanium foams and stainless steel foam.
Other than the foam’s stiffness and strength, the fracture toughness of biomaterials 
is an important material property that needs to be examined prior to clinical 
studies.  Sufficient fracture toughness is necessary to prevent the prostheses from 
fracture inside the human body in order to prevent damage to the patients.  
Fracture mechanics testing indicates the amount of stress needed to propagate a 
pre-existing flaw, which is especially important in a foam material as it already 
includes many flaws because of its porous structure.  At present there is limited 
literature on the mechanical properties of biocompatible titanium foam and 
stainless steel foam.  Imwinkelried [51] has studied the classical fatigue testing,
using the S/N approach, on titanium foams.  Teoh et al. have studied the effect of 
pore size on the fracture toughness of titanium foams with relative densities of 
0.915 and 0.65 compacted at 0.17 and 0.62GPa [81].    However, to date, no 
advanced fracture mechanics study on low relative density titanium foam and
stainless steel foam has been reported.
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In this chapter the fracture toughness of titanium foams manufactured via the 
powder metallurgy process with variable high porosities and stainless steel foams 
manufactured through a replication technique by IFAM in Dresden, Germany, are 
studied.   
The fractured compact tension (CT) titanium foams and stainless steel foam were 
analysed by scanning electron microscopy (SEM).  The initiation toughness, ,
was measured and used to calculate the fracture toughness, , of the foams.  
These values are compared against a range of porous metals as well as skeletal 
components from the literature. 
5.2 Fracture Toughness Procedures 
5.2.1 Sample Preparation and Testing
The specimen type selected for fracture toughness test was the CT specimen,
which enables the fracture toughness test in tension using an appropriate compact 
size of the material. The technical drawing and dimensions of the samples are 
shown in Figure 5-1.
Figure 5-1: Sketch and dimensions of CT samples with straight starter notch
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CT samples were cut using the wire cut technique from small panels of 
44.0 16.0 6.4mm3 for titanium foams with and (Figure 5-2), 
and from panels with dimensions of 103.5 30.0 30.0mm3 (Figure 5-3) for 45ppi 
stainless steel foams.
Figure 5-2: Titanium foam panel with 60% porosity
Figure 5-3: 45ppi stainless steel foam panel
The size of the CT samples were 16.0 15.3 6.4mm3 for both metal foams to 
obtain required dimension per ASTM E1820-08 (the standard test method for 
measurement of fracture toughness of metallic materials) [95] (Figure 5-1). The 
size of sample also has to be at least seven times the cell size to obtain 
representative results [96, 97]. Here, the smallest dimension of the prepared CT 
specimens was approximately 13, 11 and 16 times of the cell size of 45ppi 
stainless steel foam, titanium 70% porous and titanium 60% porous foams, 
respectively. 
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Wire cut was a suitable method in which by controlling the temperature of the wire 
cut process no damage or coating was introduced to the surface of the samples.  
The drawback of this method was its high cost compared to the regular cutting 
technique.     
The tension loading clevis is shown in Figure 5-4 [95] as per ASTM E1820-08.
During testing the sample was detained in the clevis and loaded all the way 
through pins to allow rotation of the sample. Clevis and pins were manufactured 
from steels due to their adequate strength and therefore resistance to indentation of 
the clevis and pins.  is the average diameter, is the radius, and is the width.  
Surfaces marked as A must be flat, in-line and perpendicular to within 0.05mm 
T.I.R. (total indicated runout) [95].
Figure 5-4: Tension testing fixture design
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Prior to testing the CT samples were pre-cracked by cycling the sample at a load 
rate of 1Hz under constant load amplitude.  In order to provide an initial sharp 
crack tip all specimens were fatigue pre-cracked prior to testing.  Pre-cracking was 
performed using a load-shedding technique.  Loads were reduced to the test 
loading ranges in two to four steps.  The maximum load was reduced for each step 
by less than 20%, as suggested in the standard [95].  To obtain a sharp crack tip the 
specimens were fatigue pre-cracked with the maximum load being less than 40% 
of the load limit for plastic collapse ( ), as calculated by Equation 5-1 for CT 
samples.  
Equation 5-1
is the flow stess, which is the average of the yield strength and ultimate tensile 
strength (UTS) ( used for strain hardening. The 
representative yield strength and ultimate tensile strength values were selected 
from literature [51] to obtain a conservative maximum load well below 40% of the 
load limit for plastic collapse ( ).
Visible crack extension was obtained before going on to the next loading step (in 
the range of 0.5mm to 1.5mm), and an adequate crack length increment in the final 
step was ensured to avoid transient effects in the test data [95].  So a typical three-
step pre-crack loading was applied.  The final pre-crack loading was at the same 
level as in the actual test, which was continued to the final fracture.  The pre-crack 
extension was monitored on both sides of the sample.  As explained in the 
standard, if there is a significant difference in crack length from one side to the 
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other side, by simply reversing the specimen setting in the load-train this could be 
avoided during pre-cracking.  For CT specimens the length of notch plus fatigue 
pre-crack which is also called the initial crack length must be greater than 0.5 to 
ensure the formulae used is valid for evaluating J. The maximum crack length is
0.75 and a value of 0.6 is normally best from an experimental standpoint [95].
After pre-cracking, an initial ratio was obtained.    
This procedure was carried out using the displacement control mode under 
constant load amplitude in order to achieve stable crack extension over the whole 
test range. The highest practical frequency is the value which is recommended by 
the standard to be used during the test procedure. By using some dummy samples 
the highest possible frequency for titanium foam was found to be 40 Hz and for 
stainless steel foam to be 10 Hz. The maximum load ( ) for 60% titanium, 
70% titanium, and 45ppi stainless steel was established to be 560 N, 280 N, and 31
N, respectively. These values were found from load-displacement curves of 
sacrificed samples under tension.
By having for a given load ratio, (Equation 5-2) and P (Equation 5-3)
were calculated.  These values were applied for fatigue pre-crack.    
 Equation 5-2
 Equation 5-3
of each material was used to create the fatigue pre-crack for that particular 
foam.  We used a high load to initiate the crack, but lowered the load step by step 
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such that when the actual test was going to start, was less than the initial 
as shown in Figure 5-5 for R=0.5 and Figure 5-6 for R=0.1.  During this 
procedure, the specimen was carefully monitored until crack initiation was 
observed on one side of the sample.  Subsequently the other side of the specimen 
was checked to see whether crack initiation has occurred on that side as well.  In 
one case there was an unsymmetrical behaviour in the sample and that was fixed 
by turning the specimen around.  The crack size could not be less than 1.00mm.  
Figure 5-5: Pre-crack spectrum for tests at R=0.5
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Figure 5-6: Pre-crack spectrum for tests at R=0.1
The fracture toughness testing was performed at room temperature using a MTS 
servo-hydraulic testing machine at a displacement rate of 0.01mm/s.  The 
equipment for testing should allow uniform stress distribution through the sample 
thickness and distribution of the stress should be symmetrical in relation to the 
plane of the potential crack [95].  These are important factors to allow the crack to 
grow uniformly and stay in that plane.  In compliance with the standard, this test 
method is for the opening mode (mode I) of loading.  In this test method, the 
fatigue pre-cracked specimen was loaded to induce crack extension while 
continuously measuring the force versus displacement. Figure 5-7 demonstrates a 
loaded CT titanium foam sample with an observable crack growth (highlighted in 
yellow).  
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Figure 5-7: Loaded CT titanium foam with an observed crack highlighted
There are two different procedures for measuring the crack extensions: the basic 
procedure and the resistance curve procedure.  For the basic procedure, multiple 
specimens are used to develop a plot to obtain a single point initiation toughness 
value.  The resistance curve procedure determines multiple points from a single 
specimen and the data are used to develop an R-curve.  The resistance curve 
procedure using displacement control was used for the current work.
5.2.2 Plane Strain and Initiation Fracture Toughness
The method is based on the principle of J-integral and characterises the 
material’s toughness close to the commencement of slow-stable crack extension 
from a pre-existing fatigue crack.  J-integral characterises an approach to estimate 
the strain energy release rate per fracture surface area [98].  It was assumed that 
the elastic deformation in advance of the crack tip is designated the J-integral [98].
94
Rice and Cherepanov [98] independently showed that an energetic contour path 
(the J-integral) is not dependent on the path in the region of a crack.  The J-integral 
is developed to help the complexity involved in calculating the stress near a crack 
in an elastic-plastic material [98].  In a test the load is measured as a function of 
the load-line displacement and is determined by calculating the area beneath the 
load-displacement curve by using the following integration:
Equation 5-4
where is the thickness, is the size of uncracked ligament, is displacement, 
and is load per unit thickness.  At the onset of crack extension, and are 
equal [99], as shown in Equation 5-5, where is the region underneath the load-
displacement curve at the start of crack extension:
 and  Equation 5-5
Therefore, by just performing one test can be determined where the sample is 
loaded till the start of crack extension.  Normally this is not trivial due to the 
difficulties of detection of the beginning of the crack extension.  The alternative 
technique is to carry out a number of tests where each sample is loaded to give a 
small but different crack extension ( ). The values of are then plotted versus 
and in order to get , is extrapolated to .    The J integral expressed in 
above equation (Equation 5-5) and the multiple specimen method (basic method) 
forms the basis for the standard test.  However, the ASTM E1820 allows 
determination of a true single specimen using the R-curve technique.    
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Following the standard, the J-integral can be divided into J-integral of elastic and 
J-integral of plastic (Equation 5-6).  
Equation 5-6
The Poisson ratio is assumed to be 0.3 [16] and  , the Young’s modulus, was 
found from the elastic unloading compliance technique of the CT specimens.  is 
the specimen width, is the specimen thickness, is current crack size, 
is the current uncracked ligament and is the plastic deformation region 
in load-displacement graph.  The highlighted region in Figure 5-8 represents the 
plastic area increment (  ) for the resistance curve on a load-
displacement diagram.
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Figure 5-8: Load-displacement graph for resistance curve J calculation
is calculated from 
Equation 5-7
is the maximum load, , and 
Equation 5-8
The area surrounded by the loading curve, unloading line, and the -axis 
(displacement axis) on the (load-displacement) record represents the plastic 
Displacement
Lo
ad
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energy dissipated due to plastic deformation and crack extension where v is 
displacement between the measurement points and is force.  
is the elastic-plastic failure parameter and is conventionally converted to 
[95] by using Equation 5-9 and Equation 5-10.  This can be carried out as the CT 
specimens have the same geometry as the standard samples [99].  In general 
is a practical fracture criterion for lower toughness materials with higher 
strength [99].    Because of the incidence of non-proportional plastic loading close 
to the crack tip, generally the J-integral cannot be used for characterising 
considerable amounts of crack growth [14].  However, under some conditions, the 
loading could be practically proportional and thus some crack growth can be 
analysed [14].
Equation 5-9
Equation 5-10
is the plane strain Young’s modulus.  The Poisson ratio is assumed to be 0.3 
[16] for both metallic foams and  , the Young’s modulus is found from the elastic 
unloading compliance technique of the CT specimens.    
The specimens were cyclically unloaded and reloaded during the tests.    From the 
load versus load-line displacement ( response of the specimen, the J-integral 
versus crack extension response was calculated and plotted.  The 
unloading/reloading sequence was continued with displacement intervals of 
0.005 or smaller.  Before reaching maximum load, at least 8 sequences were 
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required.  After the final unloading cycle was completed, the force was returned to 
zero without any additional crosshead displacement.  
5.2.2.1 Crack Growth Measurement
It is important to note that an assessment of the J-integral depends on an accurate 
measurement of the crack growth. The crack extension measurement was done by 
image processing, heat tinting, and compliance techniques recommended by the 
standard. 
For photographic techniques, polishing the specimen helps in the resolution of the 
crack tip. However, polishing is not very applicable for high porous metals, such 
as titanium and stainless steel foams, as it will affect the surface of the material.  
Hence, polishing was not done in this study.  On the other hand, lighting was used 
during testing to aid in the resolution of the crack tip.  Digital images of crack tip 
growth were taken from both sides of the samples with the camera speed of 3fps 
(frames per second) up to the highest speed of 6fps. Photographic grids were used 
so that the digital images of the crack tip growth were taken from both sides of the 
samples without interrupting the test. The average of the crack length at the front 
and back of the sample was used as the average physical crack size from the image 
processing technique. At least eight samples were tested for each material.  Each 
measurement was carried out at least three times within an experimental error of 
less than 2%.  The standard recommends that for such a method, the use of 
reference marks eliminate potential errors due to accidental movement.  The 
statistical analysis of the data has shown the degree of error to be below the 5% 
confidence level. Therefore, the data are statistically significant.
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The compliance method was carried out according to Section 8 of ASTM E1820-
08.  For this method, the sample was loaded until a small crack growth occurred,
then the load was partly removed and reapplied again.  Figure 5-9 to Figure 5-11
display the unloading compliance curves for 60% titanium foam, 70% titanium 
foam and 45ppi stainless steel foam, respectively.  The maximum load for 60% 
titanium foam was greater than both the 70% titanium foam and 45ppi stainless 
steel foam.
Figure 5-9: Load-displacement curve for 60% titanium foam using the unloading compliance 
technique
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Figure 5-10: Load-displacement curve for 70% titanium foam
The maximum unloading range was chosen to be 50% of the current load  or 20% 
of PL (load limit for plastic collapse) in order to avoid the effect of reversed 
plasticity on the results [99].  From the resulting compliance the crack length 
and, therefore, were calculated.  The current values for load, and the
load-displacement curve, up to the current displacement, led to one point on 
curve [99]. An R-curve was obtained by repeating this procedure a few 
times.
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Figure 5-11: Load-displacement curve for 45ppi stainless steel foam
Heat tinting was applied to verify the results from the compliance method. This 
marking technique was applied to distinguish from the residual fracture by
breaking the specimen after testing.  The existing fracture surface of the tested 
sample was discoloured by oxidizing in a furnace at 300C for 30 minutes.  After 
cooling down, the sample was immersed in liquid nitrogen to ensure a brittle 
fracture manner and then put back in the machine and pulled to separate 
immediately.  On the exposed fracture surface, the start of stable crack growth was 
marked by the end of the flat fatigue pre-crack region and the end of the stable 
crack extension was distinguished by the end of heat tint.  Broken specimens were 
first photographed and the end crack extension boundary on the photograph was 
then manually fitted and marked by a smooth curve.  Crack extension 
measurements were finally carried out at nine equally spaced points based on the 
smoothened boundary throughout the thickness of the specimen and the results 
were averaged according to the standard (Figure 5-12).  Side points were averaged 
and counted as one.  The average of all nine points gave the original crack size and 
final crack size and, therefore, the crack extension.  It is important to note that 
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these nine measurements cannot differ by more than 0.5 from the average final 
crack size.  Figure 5-13 displays a tinted titanium foam sample.
As for the J-integral test specimens have thickness of 2.3 to 25 mm [100], crack 
front tunnelling takes place during pre-cracking and testing.  Crack front 
tunnelling occurred in the through thickness crack growth incidents in sample in 
which the crack front propagate quicker in the centre than near the sample 
surfaces.  This happens mostly in ductile fracture samples [101].  Lan et al.
explains crack tunnelling from the fracture mechanics point of view as operating 
fracture criterion being first satisfied in the middle section of the crack front [101].
It has also been mentioned that the main cause of such behaviour is due to 
existence of high stress triaxiality in the centre of the specimen’s surface that
endorses void nucleation and growth leading to crack propagation first in the inner 
section of the specimen surface [101].
Figure 5-12: Schematic of a JIC test specimen broken open after testing [99]
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Figure 5-13: Photograph of fracture surface of JIC titanium foam sample 
Figure 5-14 is a schematic of the CT porous titanium crack growth by showing the 
SEM images of the crack growth steps. The fracture surface of the specimens 
consists of fatigue pre-crack, stable crack growth, second stage fatigue crack and 
fast fracture regions. First fatigue pre-crack follows by a stable crack growth.  At 
this stage some micro-cracks coalescence into a macro-crack.  The macro-crack 
extends to the full thickness of the sample and then crack starts to grow slowly.  
During the stable crack growth, the crack velocity increases as the crack driving 
force increases.  Fatigue crack is when the crack growth rate accelerates and 
majority of the final crack length occurs at this stage.  At stage III, fast fracture 
occurs and the onset of crack arrest happens at this stage.  This is the unstable 
stage. These regions correlate with the observations in Figure 5-13, in which with 
the aid of heat tinting various stages of fracture were revealed.
Notch
Fatigue pre-crack
Stable crack growth
Stage II fatigue crack
Fast fracture
1 mm
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Figure 5-14: Schematic of crack growth in CT sample shown by SEM images
5.2.3 Fracture Response
curves are shown in Figure 5-15 for titanium foams with 60% and 70% 
porosities and Figure 5-16 for the stainless steel foam using the image processing 
technique. The crack blunting lines on the
plots are given by Equation 5-11, where is the tensile yield strength of the 
foam.  
Equation 5-11
The yield strength was measured by tension testing of sacrificed samples to be 
61.1 and 56.4MPa for relative densities of 0.40 and 0.30, respectively and 5.0MPa 
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for stainless steel foam. Where these blunting lines intercept the J-curve, a 
conditional value of is found.  The for porous titanium with was 
2.4kJ/m2, for porous titanium with was 1.3kJ/m2, and for stainless steel 
foam was 0.4kJ/m2. of solid titanium ranges from 10 to 40kJ/m2 [102].  By 
using Equation 5-9, the plane strain fracture toughness ( ) was found to be 
5.6MNm-3/2 for , 5.0MNm-3/2 for , and the 45ppi stainless steel 
has toughness value of 1.3MNm-3/2.  Solid titanium with a toughness value of 
75( 11)MNm-3/2 [103] and solid stainless steel with toughness value of about 
250MNm-3/2 [104] have much higher toughness than porous titanium and stainless 
steel foams.
Figure 5-15: J-curve for a CT titanium foam with relative densities of =0.40 and =0.30
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Figure 5-16: J-curve for CT stainless steel foam
5.2.4 Relative Density’s Effect on Initiation Toughness
An important parameter of the metal foams, which may affect the initiation 
toughness, is their relative density. The initiation toughness measured from 
experimental results of titanium foams based on the standard are shown in Figure 
5-17. In addition to , the Young’s modulus and the values of plane-strain 
fracture toughness are shown in Figure 5-17. As the relative density increases, 
the values of , and also increase. The maximum values for these 
parameters were obtained at  which corresponds to solid titanium 
( , , ) [102]. Various types of curve fit could be used to represent the 
experimental data in Figure 5-17; however, the best fit is obtained with power law 
( for all three properties ( , and ). This type of curve fit illustrates 
that as , , and increase towards their maximum possible values 
(corresponding to titanium solid). 
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In the case of Young’s modulus , a polynomial curve fit could also be used to 
represent high relative densities, but at lower relative densities polynomial 
functions predict unexpectedly high values for , which is unrealistic for a foam 
material.  The linear fit also seemed to be inappropriate as it significantly 
underestimates the values for , and at , ( , , ). However, 
from a statistical point of view a power law fit of type, with parameters , , and 
shown in Table 5-1, shows the power law constants that provide the most 
appropriate fitting curve for this study. In addition, the toughness value for a
relative density of 0.65 obtained from a study by Teoh et al. [81] follows the 
power law trend as shown in Figure 5-17.  The power law fit had also been used 
and shown to be valid for aluminium foams by McCullough et al. [14].
Figure 5-17: Relative density’s effect on E, KIC, and JIC of titanium foams ( c)
Table 5-1: Power laws fit ( ) describing the data from Figure 5-17
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5.2.5 R-curve Behaviour and Crack Bridging
The toughness testing on titanium foam CT specimens showed a considerable R-
curve behaviour, which had some plastic collapse across the specimen ligament.  
The scales of strain in these fracture toughness tests verified that the titanium 
foams have good ductility besides some plastic collapse across the ligaments.  In 
general the R-curve is larger in magnitude when the ductility is higher. 
With the initial applied loads well below the yield point, the elastic region started 
first and then by increased loading the sample eventually started to deform 
plastically.  The fracture in cell walls occurred randomly from one cell to the next 
and it followed the weakest path, which is in a narrow band of thin and weak cell 
walls straight ahead of the crack tip. As soon as the load exceeded the highest 
strength of the struts, they failed.  
The stainless steel foams with thin cell struts failed at lower stresses in comparison 
to the titanium foams with lower porosities and thick cell walls [105, 106].  In 
stainless steel foam, some large pores in the sample failed and caused localised
damage.  As the pores stretched in the loading direction, cracks continued from 
one cell to the next.  This leads to the crack propagation in the sample.  Therefore, 
the fracture in struts caused the failure in the sample and no sharp crack tip was 
seen, as there were no cell walls.  
In general, brittle materials shatter in response to an exterior force, while ductile 
materials only deform.  When a brittle material with a notch is under tensile force, 
the tip of the notch is sharp and it moves forward.  However in a ductile material
the tip of the notch was blunt and broadens and the cut does not progress easily.
As Sahimi [107] describes, in ductile materials, the operating mechanism for crack 
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nucleation is the coalescence of cavities.  When a ductile material goes under 
stress, the ductile matrix is deformed [107]. As the matrix deforms more, the 
cavities grow larger, interact with each other, merge and finally form a crack  
[107].  At the cohesive zone (plastic zone), the micro cracked zone causes the non-
linear behaviour of the material.  When the average stress in this zone reaches the 
cohesive stress, instability occurs and the main crack grows.
Visual observation in the J-tests of titanium foams confirmed that the crack 
bridging ligament was present at the start of the advancing crack tip. The 
relationship between the stresses transmitted across a crack and the crack opening 
displacement is called the crack bridging law [108].  Plane strain fracture 
toughness is a basic material property that is independent of specimen’s geometry.
Data which meet the size requirement, result in a value of that is independent 
of in-plane dimensions of the specimen [95], but could depend on the thickness.  
5.2.6 Micrographs of CT Samples
In the toughness test, after a peak load, there were some cracks around the edge 
corners of the notch tip.  The same feature has been seen in closed-cell Alporas 
and Alulight foams by McCullough et al. and Olurin et al. [14, 24].  After a certain 
number of cycles, a dominant crack spread down the centreline.  This crack 
seemed to follow the weakest path with thinner and weaker cell walls ahead of 
crack tip.  Scanning Electron Microscope (SEM) images are shown in Figure 5-18
to Figure 5-21 for a crack propagating in titanium foams with 60% and 70% 
porosities.  These images show that ahead of the observed crack tip, the failure of 
cell faces is apparent.  Defining the location of the crack tip is not a trivial task, 
because of the crack branching and micro-cracks that spread ahead of the main 
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crack. Thus, the main crack was consistently defined by the most significant crack 
tip observed in each sample.
Figure 5-18: SEM image of CT specimens of 60% porous titanium foam
Observed crack tip
Crack bridging 
400 m
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Figure 5-19: Failed cell edges are shown in this SEM image for 60% porous titanium foam
Figure 5-20:  SEM image of CT specimens of 70% porous titanium foam
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A cell edge bridges 
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Figure 5-21:  Main crack is visible in this SEM image of 70% porous titanium foam
Figure 5-22 and Figure 5-23 show SEM image of the stainless steel foam with 
45ppi.  These images show that ahead of the observed crack tip, the failure of cell 
edges was apparent. Stainless steel foam made by replication technique has 
dodecahedron homogeneous pore structure.  In stainless steel foam each cell has 
twelve neighbour and twelve edges [109].  The struts have a smooth surface and 
triangular shape with concave areas due to the foaming process [109].  In this PM 
technique, after the heat treatment, the foam resembles the original structure with 
hollow struts [109].  Change in the shape of the struts and higher density both 
affect the physical property of the material.  In Figure 5-23 an edge defect on a 
strut is shown.  This defect is due to incomplete covering of the edge tips and 
usually happens in high porous stainless steel foams [109].  Such defects could be 
Main Crack
400 m
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avoided by a proper suspension development [110].  Microstructure of the cell 
struts will affect both the macrostructure and the mechanical properties of the 
stainless steel foam [110].
Figure 5-22: SEM image of CT specimens of stainless steel foam after fracture toughness testing
Observed crack tip
400 m
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Figure 5-23: Close SEM image of CT specimens of stainless steel foam
5.2.7 Comparison of Titanium Foams and Stainless Steel Foam
Fracture Toughness to Different Materials
To evaluate these porous materials for different purposes, the toughness results are 
compared against some skeleton parts [93, 111-114], as shown in Figure 5-24 for 
biomedical applications and against aluminium-based metal foam in Figure 5-25
for aerospace and automobile industries.  In Figure 5-24, it is shown that the 
toughness of titanium foams with 60% and 70% porosity is higher, although 
similar in order of magnitude, to some skeleton and dentin.  Figure 5-25 shows the 
Alulight’s toughness for relative densities of 0.40 and 0.30 ( 60% and 70% 
porosity, respectively) from the literature [115] in comparison to titanium foam 
toughness for the similar relative densities and 45ppi (92% porous) stainless steel 
foams.  The titanium foams have a better fracture toughness than the Alulight 
400 m
Cell edge fails and 
crack grows
Edge defect 
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foams with similar relative densities. Titanium foams are therefore presenting a
favourable combination of mechanical properties and fracture toughness that make 
them suitable as structural implant materials for bone replacement.
Stainless steel foam with such mechanical properties could be a possible choice as 
structural implant material for cancellous bone replacement. These foams are light 
and have a matched stiffness to the bone. The stainless steel foams manufactured 
by IFAM can have the cell-width of 0.4 to 5 mm, with cell sizes of 10, 30, 45, 60 
and 80 ppi, where different densities in a range of 9 to 30% are obtained by 
different coating masses [110]. In stainless steel foams increasing the suspension 
coating mass affects the physical property of the material.  With such high 
variability of the structure, the functional characteristics of stainless steel foams 
such as firmness and heat transfer are adjustable [110].  Also their near-net-shape 
production means that they can be used in various applications [110]. However, 
besides the low strength in high porous stainless steel foam, the osteoconductivity 
is low and the bone in-growth is just for some millimetre as some bone bridges
happen at the edges of the stainless steel foam [116]. By enhancing the powder 
coating process for stainless steel foams and therefore, improving their strength, 
these foams may perhaps apply for broaden range of biomedical applications in the 
future.
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Figure 5-24: KIC of different body parts [93, 111-114] versus titanium foams and stainless steel 
foams
Figure 5-25: KIC of Alulight foams [115] versus porous titanium and stainless steel foams
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Table 5-2: Fracture toughness values of different biomaterials
45ppi stainless steel 
foam
70% porous titanium 
foam
60% porous titanium 
foam
E (GPa) 4.0 11.3 18.0
KIC (MNm-3/2) 1.3 4.0 7.0
JIC (kJm-2) 0.4 1.3 2.4
5.3 Conclusion
The fracture behaviour of porous titanium and stainless steel open foams were 
characterised and the R-curves of crack propagation from pre-cracks were 
measured.  The crack growth has been optically observed, the measured initiation 
toughness, , has been analysed and the effect of material morphology on the 
is discussed.  Then is calculated from . Data which resulted in JIC value 
were independent of in-plane dimensions of the specimen.
The fracture surface of the porous titanium and stainless steel foam specimens 
consisted of fatigue pre-crack, stable crack growth, second stage fatigue crack and 
fast fracture regions.  In these samples, the fatigue pre-crack followed by 
propagation of a stable crack, where some micro-cracks coalescence into a macro-
crack.  The macro-crack extended to the full thickness of the specimen and started 
to grow slowly.  During the stable crack propagation, by increasing the crack 
driving force, the crack velocity increased.  Then the crack growth rate accelerated 
and fatigue crack happened.  Fast fracture occurred at stage III, the unstable stage, 
where the onset of crack arrest happened.  Heat tinting assisted to observe the 
various stages of fracture and failure.       
In titanium foams, the expansion of crack bridging zone at the back of the crack tip 
was a key part to the observed propagating crack growth resistance.  The CT 
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specimens also had some plastic collapse along the ligaments.  In this range of 
relative densities, the titanium foam with higher 
(lower porosity) was tougher than the titanium with lower
(higher porosity).  This showed that the plane strain fracture toughness increased
with relative density.  Titanium foams with densities between 0.30
 
0.40 not 
only has a matched stiffness to various body parts such as dentin and cancellous 
bone [117], but also seem to be appropriate choice for implant’s material selection 
from a fracture toughness point of view.  
The CT stainless steel foam specimens showed full plastic collapse along the 
ligament.  It was concluded that the cell morphology of these foam has a 
significant influence on the fatigue crack growth of stainless steel foam and this 
was in agreement with previous studies on fracture behaviour of titanium foams 
and aluminium foams.  Stainless steel foam with 92% porosity has relatively 
similar fracture behaviour to 60% and 70% aluminium foam.  This suggests that 
the base metal properties, the cell shape and size of the metal foams as well as 
foam porosity are important factors in the mechanical performance of metal foams.
Stainless steel foam with such high porosity is a possible choice for implantation 
as cancellous bone; however lower porous stainless steel could be a better option.
Further research would be beneficial to understand the effect of environment, and 
powder coating on the crack growth rate of stainless steel foams.  
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C H A P T E R  S I X
6 Experimental Study on the Fatigue Crack 
Growth Behaviour of Titanium and Stainless 
Steel Foams
6.1 Introduction
To better understand and predict the failure in weight-bearing foam materials for 
implantation, there is a need to study and understand the progress of fatigue 
damage and crack growth in the foam material.  
While the high cycle fatigue properties of titanium foams has been studied (S-N
approach) [51], to-date there are no studies on the fatigue crack propagation of 
highly porous titanium foams or stainless steel foams.  As foam structures often 
have inherent flaws, there is usually no crack initiation.  Thus, use of the S-N
approach, which typically incorporates initiation of a crack, is not practical.  A 
realistic way to investigate foam materials is to examine the number of cycles 
needed to propagate these inherent flaws to failure.  Fracture mechanics or the
damage-tolerant method is usually used for such predictions.  For fatigue crack 
growth analysis, the number of cycles needed for a crack to propagate sub-
critically to a critical size is calculated from information relating the crack velocity 
to the mechanical driving force, and the stress intensity factor, K [118].  Studying 
the crack growth of titanium foams and stainless steel foam will examine whether 
they are compatible for orthopaedic or dental implantations.  
In this study, the mechanical properties of pure titanium foams with 60% porosity 
(relative density of 0.40) with and without solid coated surfaces and 45ppi 
stainless steel foam have been examined by using mode I of crack growth testing.
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Comparing the mechanical properties result of the solid coated titanium foam with 
the non-coated titanium foam will show whether a very small solid coating will 
have a great effect on the properties of these highly porous titanium foams.   
The results of crack growth testing are compared against a range of skeletal 
components.  A titanium foam with 60% porosity and 45ppi stainless steel foam 
were chosen because these porosities are suitable for bone in-growth [51, 86, 117].
The objective of this research is to understand the mechanisms of fatigue crack 
propagation in titanium foams and stainless steel foam and to compare these 
results with the fatigue data on the bone, dentin, and current implant materials 
from literature.
6.2 Experimental Procedures     
6.2.1 Fatigue Crack Propagation Tests
The fatigue crack propagation behaviour describes the resistance of a material to 
stable crack growth under cyclic loading and the crack growth rate is a function of 
the applied stress and the crack length.  
A drawing of the CT sample using SolidWorks is shown in Figure 6-1. As a first 
step, from pieces of 55 50 6mm3, the CT titanium foam samples of 
31.25 30 6mm3 (Figure 6-2 and Figure 6-3) were machined and from pieces of 
103.50 30.00 30.00mm3, the CT stainless steel foams of 31.25 30.00 5.00mm3
(Figure 6-4) were cut.  Three groups of samples were prepared: one with no 
coating on the 60% porous titanium foam, one with a thin solid coat on 60% 
porous titanium foam, and the third one 45ppi stainless steel foam without any 
coating.  To create the samples without any coating, the wire cut method was used. 
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By controlling the temperature of the wire cut process no damage or coating was 
introduced to the surface of the samples. In the coated titanium foam group, a thin 
layer of solid titanium was allowed to form around the sample by the heat 
dissipated from a regular cutting process. The solid film of titanium was simply 
created by localised melting of the surface of the samples. The average thickness 
of this solid titanium film was 0.5mm.
Figure 6-1: Schematic drawing of CT sample for fatigue crack propagation testing
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Figure 6-2: Compact tension 
specimen of 60% porous titanium 
foam
Figure 6-3: Compact tension 
specimen of 60% coated porous 
titanium foam prior to making a 
notch in the sample
Figure 6-4: Compact tension 
specimen of stainless steel foam
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The fixture used for this study is similar to Figure 5-4 from Chapter 5 with slightly 
different sizes as has been explained and shown in A1.3, apparatus section of the 
standard E647-08 [119].In order to provide an initial sharp crack tip all specimens 
were fatigue pre-cracked prior to testing as explained in Chapter 5.   
Fatigue crack growth testing was carried out at room temperature on an MTS 
servo-hydraulic test machine (MTS 858) in accordance with ASTM E647-08 
(standard test method for measurement of fatigue crack growth rates).  Tests were 
conducted under sinusoidal load control at load ratios (minimum load/maximum 
load) of =0.1 and =0.5.  It has been shown that the correlation of experimental 
values for a positive ratio of is better than for less than zero [120]
and thus the load ratios of were chosen for this study.  Initially, the yield 
loads of the samples were determined by putting samples under tensile loading. To 
find out the maximum allowable cyclic loads, a set of sacrificed samples were 
used, which were cyclically loaded near the UTS. The cyclic failure loads of the 
sacrificed samples were found to be less than the UTS. Then, the maximum 
allowable load was determined as 5% below the cyclic failure loads of the 
sacrificed samples. As a result, the maximum load of 200N was applied for 
titanium samples without a solid coated surface while a maximum load of 350N
was applied for samples with a solid coated surface and 20N for 45ppi stainless 
steel foams.  For titanium foams, a frequency of 40Hz was used and at the final 
fracture stage testing, the frequency was reduced to 10Hz to slow down the test to 
obtain more data, while for the stainless steel foams, the frequency was held at 
10Hz throughout the test.  As stated in the standard, a single specimen was enough 
to get the desired data and at least five samples for each material were tested.  
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6.2.2 Measurement of Crack Growth
Measurement of crack growth in fatigue crack growth testing was also performed 
using the image processing, the compliance, and heat tinting techniques.  
By image processing technique, the crack size is calculated as a function of 
elapsed fatigue cycles [119].  These data are subjected to numerical analysis to 
establish the rate of crack growth, which are stated as a function of K. This 
technique is explained in details in section 5.2.2.1.
The compliance method is another technique for fatigue crack growth rate testing, 
and was carried out according to Annex 5 of ASTM E647-08.  Compliance is the 
reciprocal of the force-displacement slope normalised for specimen thickness and 
elastic modulus [119]. A high speed digital data acquisition and processing system 
has been applied for this method.  The frequency can be lower to collect enough 
data during the data acquisition period.  The relationship between compliance and 
crack size has been derived analytically.  This relationship is stated as
(dimensionless quantities of compliance) and (normalised crack size).  is the 
elastic modulus, the is displacement between measurement points, is the 
specimen thickness, the is force, is the crack size and is the specimen width 
[119].  As stated in the standard, the lower portion of the force-displacement plot 
of one complete fatigue cycle loading is not linear and the upper portion is linear.  
The compliance is calculated by fitting a straight line to the upper part of the 
curve.  Due to the rounding that occurs close to the top force reversal point, it is 
sometimes necessary to remove the data in this area and this is usually true for data 
taken at low frequencies [119].
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Heat tinting, as has been explained in detail in Chapter 5, was applied to verify the 
results from the compliance method. Figure 6-5 displays a hinted stainless steel 
sample along with SEM images of each section (fatigue pre-crack, stable crack 
growth, second stage of fatigue crack and fast fracture).  These failure stages are 
explained in detail in 5.2.2.1.
Figure 6-5: Photograph of fracture surface of standard CT stainless steel sample
6.2.3 Analysis of Crack Growth Rate
Crack size versus elapsed cycles data ( ) were reduced by a computer 
program that utilises the seven point incremental polynomial technique [119].  To 
smooth the curve, a second order polynomial (parabolic type) was fitted to 
sets of seven successive data points procedure and the values of and 
were calculated based on the fitted crack length for the middle point.  From the 
data, the crack growth rate was obtained from the slope (derivative) 
of the parabolic regression curve, aforementioned.  The crack tip stress 
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intensity factor range,  , was calculated from the maximum and 
minimum loads of the loading cycles.  According to the standard, data are invalid 
where any two surface crack length measurements at a given number of cycles 
differ by more than or , whichever is less.  The fatigue crack 
growth data was expressed in terms of Paris power-law expression, where the 
Paris’ law parameters, and , are constants:
Equation 6-1
The plot generally has three regions: I, II, and III (Figure 6-6).
Regions I and III are the near-threshold and the rapid-crack propagation regions, 
respectively.  Region II is the Paris region, which is defined by a power-law 
relationship that corresponds to a straight line on a log ( ) versus log ( )
curve.  By using the data reduction technique, as explained in the standard, -
increasing or constant load amplitude data can be generated, which corresponds to 
regions II and III.  
The rates of fatigue crack growth for near threshold or are extremely slow 
and the large scatter of the data and the influence of pre-cracking conditions make 
determining the value difficult, as also found by Motz et al. [21]. Therefore, 
it is very complicated to experimentally initiate a constant amplitude fatigue crack 
growth test or -decreasing test, which corresponds to region I [121].
In region III, the crack growth rate is extremely high and obtaining data in this 
unstable region is quite difficult. For fatigue life prediction, region III is usually 
disregarded since the number of cycles spent in region III is insignificant 
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compared to the total fatigue life [26].  In the current work, regions I and III are 
not considered.  
Figure 6-6: Regions I, II, and III
6.3 Fatigue Crack Propagation Behaviour
The -increasing test was performed and the fatigue crack growth rate or 
was attained from the slope of the curve under displacement control 
condition.   Fatigue life in such conditions is very sensitive to the cyclic stress 
level [122]. The behaviours of the porous titanium with and without 
solid coated surface with load ratios of 0.1 using image processing technique are 
plotted in Figure 6-7.  The 60% porous titanium without any coating had a higher 
Paris exponent ( =17.1) than the 60% porous titanium with a solid coating 
( =14.1). As shown in Figure 6-7, for a given , the porous coated titanium had 
a lower crack growth rate than the porous uncoated foam. This means that the 
coating caused a higher crack growth resistance.  Figure 6-8 shows the 
for 45 ppi stainless steel foam with a high Paris exponent of 27.5.  
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Figure 6-7: for 60% porous titanium and 60% porous titanium with solid coated 
surface
Figure 6-8: for 45ppi stainless steel foam at load ratio of 0.1 using image processing 
technique
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It was found that the stainless steel foam has Paris exponent ( ) of about 27.5, 
while titanium foam with 60% porosity has Paris exponent of 17.1, which are 
rather high in comparison to the Paris exponent of 4.9 for solid stainless steel [123]
and 3.4 for solid titanium [124]. All the reported values for Paris exponent have 
an experimental error of 0.5 to 1. The Paris exponent for cortical bone is 4.4-
9.5 [118, 125] and for dentin is about 8.7 [126]. Further to the high porosity in 
metal foams, the influence of crack bridging and/or the crack closure led to the
high Paris exponent in porous titanium and stainless steel foams.  In section 6.3.5
the crack growth rate of different materials is compared to metal foams and the 
reason for high Paris exponent is metal foams is explained in more details.   
The data using two different techniques, image processing and 
compliance methods, are shown for comparison in Figure 6-9 for porous titanium 
without solid coated, in Figure 6-10 for solid coated porous titanium, and in Figure 
6-11 for stainless steel foam all at load ratio of 0.1. The experimental difference 
between the results from the visual and compliance technique is very small.  This 
suggests the data for measurements at load ratios of 0.1 and 0.5 
from visual technique are experimentally verifiable by compliance technique.   
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Figure 6-9: Comparison of the da/dN-K data using two different techniques (image processing 
and compliance methods) for 60% porous titanium at load ratio of 0.1
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Figure 6-10:   Comparison of the da/dN-K data using two different techniques (image processing 
and compliance methods) for 60% porous titanium with solid coated surface at load ratio of 0.1
Figure 6-11:  da/dN-K curve of stainless steel foam using visual and compliance techniques at 
load ratio of 0.1
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Crack initiation started at initial defects such as pre-cracks in the interior sections 
of cell walls.  Final fracture was seen in regions with low material density or large 
cells and therefore fatigue crack grow mostly occurred where cell wall thickness 
was small. This is in agreement with the results of fatigue crack growth of 
aluminium by Zettl et al. [25].
6.3.1 Load Ratios
In this study, the specimens were tested with load ratios of =0.1 and =0.5 for 
the metallic foams.  Tests with load ratios of =0.5 were performed to study the 
mean stress on the fatigue crack growth behaviour. As discussed earlier, load 
ratios of  were chosen for this study as the correlation of experimental 
values for positive ratio of is better than for 0 [120].  The plots for 
two different load ratios of 0.1 and 0.5 are shown in Figure 6-12 to Figure 6-14. It 
has been established that at the same frequency, with increasing value, the crack 
growth rate becomes faster and the (threshold stress intensity factor) 
becomes lower [127] and this is consistent with solid metals.     
133
Figure 6-12:   Plot of da/dN-K for the 60% titanium foams at load ratios of 0.1 and 0.5
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Figure 6-13:   Plot of da/dN-K for the 60% coated titanium foams at load ratios of 0.1 and 0.5
Figure 6-14: da/dN-K curve of stainless steel foam using load ratios of 0.1 and 0.5 
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Increasing the load ratio resulted in a significant increase in the crack growth rate 
for a given .  The Paris exponent m is slightly higher for uncoated titanium 
foam at load ratio of 0.1 ( =17.1) than load ratio of 0.5 ( =16.5).  In contrast the 
Paris exponent m is slightly lower for the coated titanium foam at load ratio of 0.1 
( =14.1) than at load ratio of 0.5 ( =15.7).  The values of m are found by curve 
fitting on experimental data points that have up to 4% maximum experimental 
error bars. The higher the load ratio is the higher fatigue crack growth rate. 
However, it was observed here that the load ratio had a negligible effect on the 
fatigue crack propagation (FCP) behaviour of both materials.  This could occur 
due to crack bridging and crack closure of the fracture surfaces by the plasticity 
and increased surface roughness at the crack wake, which could reduce the fatigue 
crack growth rate, thus counteracting the effect of load ratio on the fatigue crack 
growth rate. The crack closure levels were found to be lower for uncoated titanium 
foam [127].
6.3.2 Examination of Crack Propagation and Fracture Surface
Nucleation is the first stage in the fatigue process and initiates at the highest stress 
concentration locations.  In titanium foams with heterogeneously distributed pores 
and flaws, the crack nucleation lies at or close to the surface as stress concentration 
of a near surface defect is higher than the interior defect.  
The titanium foam fracture surfaces showed the presence of micro void
coalescence, suggesting that crack advancement was accompanied by ductile 
deformation in the vicinity of the crack.  The ductile micro void coalescence 
occurred in thin cell walls due to higher localised stresses versus the normal 
fatigue fracture surface.  
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It was seen that due to large stresses in the surrounding area of the crack tip, 
fracture happens.  During the crack growth, a number of energy dissipation can 
occur that leads to non-linearity in the load-displacement relationship [128].  This 
will increase the crack growth resistance behaviour.   This increase in crack 
propagation behaviour is managed by the energy dissipation zone also known as 
the process zone. The energy approach here is also not limited to linear elastic 
fracture mechanics [128]. In a plastic-elastic material, crack grows in three 
regions of material behavior.  First is the process zone, which is in the vicinity of 
the crack tip.  Then, there is a plastic region that encloses the process zone and last 
is an elastic region that surrounds the plastic region [129]. The extent of the 
plastic region is managed by the level of easiness with which decohesion occurs 
within the process zone [129]. The plastic zone is large in ductile materials where 
decohesion is not easy and could even cause general yield [129].  However, in 
brittle material, there is no plastic zone.  The interaction of the process zone and 
the plastic region is therefore important in regard with the easiness with which the 
crack growth happens [129]. The plastic loading-unloading cycle that occurs near 
the crack tip guides the dissipation of energy.        
SEM images of compact tension titanium foams with and without solid coated 
surface at different magnification are shown in Figure 6-15–Figure 6-18. The SEM 
images show that the crack advances in similar path (the weakest path) in titanium
foams under cyclic loading.  In titanium foams, fatigue crack propagates 
throughout heterogeneous porous microstructure.  Crack branching happens from 
several micro cracks and this will result in various crack tips in porous titanium 
foams.   In Figure 6-18, titanium foam with solid coated surface, the crack tip is 
labelled and the fracture surface is shown.  As crack grows from a sharpened 
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notch, gross crack deflection happens at an angle in the solid coated surface 
material.   As shown in these SEM images, in fatigue crack growth tests, after a 
certain number of cycles, a dominant crack spreads down about the centreline 
following the weakest path and is composed of very tiny struts and the crack 
remained straight throughout most sections of the specimen.  
Figure 6-15: Scanning electron micrographs of the main crack meandered through the cell walls of 
60% porous titanium
Main crack
Crack branching
400 m
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Figure 6-16: A closer view of scanning electron micrographs of the main crack and broken cell 
walls in 60% titanium foam
Figure 6-17: Scanning electron micrographs of the main crack meandered through the cell walls of 
60% porous titanium with 0.5mm solid coated surface
Broken cell wall
Gross crack deflection
Crack tip
400 m
400 m
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Figure 6-18: A closer view of scanning electron micrographs of the main crack of 60% porous 
titanium with 0.5mm solid coated surface, where some ductile tearing is evident
SEM images of stainless steel are shown in Figure 6-19 and Figure 6-20. The 
stainless steel foams shown in the following SEM images have dodecahedron 
homogeneous pore structure.  In Figure 6-19 the crack tip is labelled and the 
fracture ligaments are shown. As discussed earlier, struts fracture randomly from 
one cell to the next following the weakest path.  Struts fail once the load exceeds 
their highest strength (Figure 6-20). In stainless steel foams the fracture in struts 
led to failure as there are not any cell walls in stainless steel foams as in titanium 
foams.  Therefore, no sharp crack was seen in these foams.  The notch tip was 
blunt and the fracture did not propagate easily.      
Fracture surface Main crack
400 m
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Figure 6-19: SEM images of CT specimens of stainless steel foams’ crack after fatigue crack 
propagation testing
Figure 6-20: Close view of SEM images of CT specimens of stainless steel foam
Observed crack tip
Cell struts fail
400 m
400 m
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6.3.3 Effects of Coating on Titanium Foams for Biomedical 
Applications
The manufacturing method used in this work to create the solid coated surface is
only limited to simple plate and regular surfaces and cannot be used for complex 
shapes.  The coating increased the fatigue crack resistance for high values of K as 
it was shown in Figure 6-7 . However, for low values of K, the effect of coating 
is less pronounced in the increase of the fatigue crack resistance.  This can be 
explained by the lower Paris exponent, , and higher fatigue crack coefficient, ,
at lower K (see Figure 6-7). The presence of the coating has further drawback, 
this is less space obtainable for bone in-growth, when used for metal implants [62].
The coated specimen has a higher crack growth resistance for a given stress 
intensity factor, despite the fact that the value is lower and the value is 
slightly higher.
6.3.4 Crack Bridging and Crack Closure
The high Paris exponent in titanium foam can be partially explained by crack 
bridging and crack closure.  Crack bridging and closure are both processes that 
reduce the crack growth rate and, therefore, extend the fatigue life.  Olurin et al.
[24] also found a high Paris exponent for Alulight compared to the solid ductile 
equivalent material.  They established that the fatigue failure of the cell edges 
behind the crack tip will cause the degradation of crack bridging and this will 
control the fatigue crack growth rate [24].  The growth of the crack bridging zone 
following the crack tip leads to an increase in crack growth resistance as the crack 
progresses. Crack bridging was also observed in the stainless steel foam samples 
studied in this work with high Paris exponent.
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The rather high Paris exponent in the porous stainless steel and titanium foams in 
the current work can be moderately explained by crack bridging.  Under tension-
tension cyclic loading, a plastic zone is created at the crack tip because of stress 
concentration.  Crack closure was not observed the in stainless steel foam but 
crack bridging was found to be a possible explanation of such high Paris exponent 
in these foams.  This is because crack bridging reduces the crack growth rate and 
extends the fatigue life.  In titanium foams, the high Paris exponent can be 
moderately explained by crack closure and crack bridging. Crack closure, as was 
also found in the study by Motz el al. [21] on aluminium foam, could also be a 
possible explanation of such high Paris exponent in titanium foams.  
In addition, crack closure is an important factor that could affect the
calculations.  As mentioned in section 6.3.1, even when , this occurrence 
could happen in fatigue crack propagation tests.  When the sample goes under 
tension-tension loading, a plastic zone is created at the crack tip because of the 
stress concentration.  There is also some compressive stress as the crack is partly 
closed until a large tensile stress is applied to stabilize the compressive stress.  
Therefore, after a certain number of cycles the crack closure occurrence usually 
vanishes.
6.3.5 Comparison of metal Foams’ Crack Growth Rate to 
Different Materials
Paris law parameters, and , which are experimentally determined scaling 
constants, are shown in Table 6-1 for the titanium foams and stainless steel foam 
employed in this study, as well as literature values for solid titanium and some 
common skeletal parts.  As discussed earlier, the stainless steel foam has a Paris 
exponent of 27.5 while 60% porous titanium has a Paris exponent of 17.1.  The 
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high Paris exponent of stainless steel foam was due to the high porosity and the 
influence of crack bridging. Titanium foam materials with significantly higher 
values than solid metals are less at risk of failure by crack growth propagation 
due to the crack bridging and closure mechanisms [130]. The Paris exponents of 
metal foams are reported to be considerably higher than solid metals, nonetheless 
much lower than the Paris exponent of ceramics that are as high as 50 and above 
[74, 131].  Ceramics have pores and micro cracks and the high Paris exponents in 
ceramics may possibly be due to crack closure, debris, or even micro cracking and 
micro plasticity [131].  Alulight with comparable porosity to titanium foams also 
has a high Paris exponent values (19.6 for 70% Alulight and 24.9 for 68% 
Alulight) [24].
Table 6-1: Comparison of Paris exponents for different materials
Material References
Dentin 8.76 6.24 10-11 [126]
Cortical Bone 4.4< <9.5 6.5 10-8< <3.7 10-6 [118, 125]
Pure Titanium 3.41 1.95 10-11 [124]
60% Porous Titanium 17.15 7 10-17
60% Solid Coated 
Porous Titanium
14 1 10-16
45ppi Stainless Steel 
Foam
27.48 4 10-16
Plots from Figure 6-21 show that at a given stress intensity factor, the uncoated 
specimen has a higher crack growth rate.  This means that the porous foam does 
have a lower fatigue resistance despite a higher m value and lower value. Both 
and depend on the stress range, mean stress, the material, the test environment, 
144
and the details of the testing procedure [132].  The parameter for 60% solid 
coated porous titanium is 1 10-16 and for 60% porous titanium without any 
coating is 7 10-17.  The relationship between and crack initiation duration is that 
as decreases, the crack initiation duration increases [133]. As shown in Table 
6-1, the values for porous material are recorded to be lower than pure titanium 
solid ( =1.95 10-11) [124], dentin ( =6.24 10-11) [126], and cortical bone 
(6.5 10-8< <3.7 10-6) [118, 125]. The Paris exponent for cortical bone (4.4-
9.5) and dentin (8.76) are also recorded to be lower than 60% titanium foams [118, 
125].
Figure 6-21: Comparison of the da/dN-K data of different materials: a) Wright and Hayes [134],
b) Nalla et al, Ritchie et al. [118, 125], c) Nalla et al. [126], d) Olurin et al.[24]
Figure 6-21 shows that bovine bones [134] have a comparable FCP resistance as 
the uncoated titanium foam in the range of 2.35< <7.9; however, the rate 
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increase of is slower for the bovine bone compared to uncoated titanium 
foam as shown by smaller slope of its curve in Figure 6-21. Conversely, the Paris 
exponent of bovine bones were reported to be 3.71< <5.42, which is much lower 
than uncoated titanium foam. Stainless steel foam, Alulight and cortical bone are 
all shown to have FCP behaviour effective at lower K ranges compared to bovine 
bone and titanium foams. This behaviour could be explained by the correlation 
between the stress intensity factor and tensile properties of the materials. Pearson 
[135] has shown that for the metallic materials the key factor leading the growth 
rate of fatigue cracks is the elastic strain concentration at the tip of the crack and 
not the flow properties of the metals. A possible qualitative mechanism explaining 
this behaviour is that once a crack is formed, the highly strained material at the end 
of the crack flows to form a plastic zone in the vicinity of the crack [135].  Due to 
the constraint by the surrounding material at the crack tip, a condition of triaxial 
tension is reached. The shear stresses are not large enough to cause flow and 
instead a large elastic tensile strain can occur [135].  Therefore, the material fails 
in tension and the crack grows until the strain is relieved by the plastic flow in the 
neighbouring material.  In the plastic zone, the reverse flow occurs by removing 
the stress.  The condition of triaxial tension again occurs during the next cycle, 
which again leads to failure of material and crack propagation.  This suggests that 
in metals the rate of crack propagation is governed by the geometry and the 
distribution of elastic strain near the crack tip.  This has been examined for other 
materials by normalising the abscissa of Figure 6-21 with respect to the Young’s 
moduli of the materials (Figure 6-22). This shows that metal foams also exhibit 
comparable fatigue crack growth rates to metals. Thus, the main factor in fatigue 
crack growth of metal foams is the elastic strain concentration at the tip of the 
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crack as was also observed in metals by Pearson [135].  Wright and Hayes [134]
showed that bovine bone and polymers do not appear to comply with this common 
metallic behaviour. They also show that metallic material’s FCP behaviour is 
effective in K ranges smaller than that of the bovine bone [134]. Interestingly, 
metal foams do not follow this observation and their FCP is effective in 
normalised K ranges that are larger than that of solid metallic materials and 
comparable to the normalised K ranges of bones as shown in Figure 6-22.
Figure 6-22: Comparison of fatigue crack growth behaviour in different materials for a given K
when normalized with respect to the Young’s modulus:  a)  Wright and Hayes [134],  b) Nalla et al, 
Ritchie et al. [118, 125], c) Nalla et al. [126], d) Olurin et al.[24]
Even though the titanium foams have seen to only have reasonable crack growth 
resistance rate as a biomaterial, this property may improve by developing better 
base metal properties such as improved titanium powder with less impurity and,
therefore, better mechanical properties.   Stainless steel foam with such mechanical 
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properties could be a possible choice as structural implant material for cancellous 
bone replacement.  However, by improving the powder coating process for 
stainless steel foams and therefore, advancing their strength, these foams may be 
apply to a broader range of applications.
6.4 Conclusion
The mode I fatigue crack growth of titanium foams and stainless steel foam have 
been measured and explained.  Image processing, compliance techniques and heat 
tinting were used to measure the crack growth rate, which produce results that 
were reproducible and in good agreement.  The results from both methods were in 
a good agreement. Titanium foam with 60% porosity has a higher Paris exponent 
than solid titanium. The high Paris exponent was explained by crack closure and 
crack bridging.  Non-coated titanium foams present favourable fatigue crack 
growth resistance that make them a possible choice as biomaterial for load-bearing 
applications.  Solid coated titanium foams are stronger, but because of a lack for 
potential bone in-growth, their biomedical applications are very limited.  For a 
given K, by increasing the mean stress, the crack growth rate da/dN increased.
Titanium foams with such high porosity would not be limited by their crack 
propagation resistance and could be a possible choice for implantation to replace
various skeleton parts.  For stainless steel foams, the CT specimens showed full 
plastic collapse along the ligament.  It was concluded that the micro architecture of 
the foam has a significant influence on the fatigue crack growth of titanium foams 
and stainless steel foam and this was in agreement with previous studies on 
fracture behaviour of aluminium foams. Stainless steel foam has a higher Paris 
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exponent than solid stainless steel.  The high Paris exponent was explained by 
crack bridging. Improving the strength and the edge effects of stainless steel foam 
with such high porosity could make this porous metal a possible choice for 
implantation as cancellous bone.  Further research would be beneficial to 
understand the effect of environment, and powder coating on the crack growth rate
of stainless steel foams.  The load ratio had a negligible effect on the FCP 
behaviour of both materials.  This could occur due to crack closure and bridging of 
the fracture surfaces.  
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C H A P T E R  S E V E N
7 General Discussion 
7.1 Metal Foams
Open pore metal foams hold some novel properties; different from their bulk 
materials.  The structure and volumetric effects of these foams are unique to the 
porous metals and are different to their base metals. As mentioned in the literature 
review chapter, comparison of the data of open pore metals, which are made by the 
same base material but different procedures, leads to different results due to the
diverse structure and microstructure of these porous metals.  However, it has been 
found that metal foams made by the same procedures, for example, powder 
metallurgy (PM) technique as explained in Chapter 3, could also have different 
values due to variation in environment, temperature, size and purity of the space 
holder material and the base powder.  
In this chapter, we discuss the advantages and disadvantages of the method we 
used for making titanium metal foams, which was by using the powder compaction 
PM technique. This is discussed in more details with regards to the micro 
architecture and flow properties of the metal foam in uniaxial tension and 
compression. In general, the fracture mechanics studies on high porous metals 
foams are very limited in literature. However, in this chapter, both the cyclic 
fatigue crack growth rate and the fracture toughness in metal foams with porosity 
of greater than 50% are reviewed and discussed in more details considering the 
results and observations made throughout this thesis. Finally, this chapter is 
completed by a discussion on the application of metal foams studied here as 
implant materials. 
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Structure
The structure of metal foams is a network of interconnected cells.  The 
morphology of these randomly orientated cells is either homogenous (as in 
stainless steel foam) or heterogeneous (as in titanium foam) in terms of size and 
shape of cells. The edges of each cell are filled by metal.  It is essential to 
understand the structure of open pore foams as most metal foam properties are 
determined by their structures.  Metal foams with smaller pores have a large
surface area.  In general, foams are unstable due to having high energy because of 
their large surface area.  In porous metals, the rough and higher surface area helps 
in attachment of cellular materials in implants.  Foams with lower porosity have a 
better strength and good heat transfer at the cost of lower flowability and tissue in-
growth. Metal foams get most of their unique properties such as high energy 
absorption, and high stiffness to density ratio from their porous structure.              
PM Technique
In the present study, the PM technique was used to manufacture open pore metal 
foams.  This method overcame the difficulty of making the required sample sizes 
for fracture mechanics study.  The titanium foams had a heterogeneous 
morphology.  A different PM technique used for stainless steel foams by IFAM 
allowed manufacturing of open porous stainless steels foams with homogenous 
composition.  The pure titanium foams made by the PM technique showed ductile 
deformation behaviour under compression testing and the strength was appropriate 
for biomedical applications.  It is important to note that the purity of powders and 
the treatment time at an accurately controlled temperature have a large effect on 
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the microstructure and strength of the porous metals as well as the morphology of 
the pores.
The PM technique allows the choice of an appropriate size of space holder powder 
(ammonium bicarbonate) to provide the proper pore size.  However, the downside 
of this method is the difficulty in making very large samples due to limit of 
furnace sizes and brittleness of the compacted sample after removing the space 
holder material and right before sintering.  Overcoming these problems could lead 
to a better technique for making foams.  
Powder Compaction
The pressure during powder compaction also has a large effect on the metal foam 
strength after sintering and removal of the ammonium bicarbonate.  When the 
pressure is not high enough, it leads to weak interlocking of neighbouring powder 
particles.  In this case when the ammonium bicarbonate is removed by heat 
treatment, the porous sample is very weak and fails.  At the same time high 
pressure could cause lateral micro cracks and possibly smaller mean pore sizes that
was originally expected.  Therefore, it is important to choose a good compact 
pressure, which in this work was found to be 200MPa.
Uniaxial Stress-Strain Testing
In general, all metal foams show the same trend in uniaxial tension and 
compression.  A typical stress-strain curve in compression was shown in Figure 
2-6. Metal foams endure large strains at constant stress in compression.  A typical 
stress-strain curve in tension is shown below for porous metal foams. The peak 
stress at tension is about the same as the plastic collapse stress in compression 
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(Figure 2-6).  In metal foams the stiffness in tension is very close to the stiffness in 
compression.
Figure 7-1: Typical stress-strain curve of metal foams in tension
Even though the base materials (aluminium, titanium, and stainless steel) in 
different open foams have different properties, there are many similar conclusions 
regarding the mechanical properties of open porous aluminium, titanium and 
stainless steel foams.  These open pore foams can compress to large strains 
because of their porous structure.  Generally stainless steel has a higher strength 
and toughness compared to pure titanium, while pure titanium itself is stronger and 
tougher than aluminium (Figure 7-2). This, of course, might not be the case at all 
times because it depends on what types of base metals are being compared to each 
other.  For example, pure titanium is very different to its significantly stronger 
alloys.  Also stainless steel could have martensitic, austenitic bcc, or ferritic fcc 
microstructures or it could be duplex or precipitation hardened stainless steel.  All 
of these microstructures will affect their metal foam’s mechanical behaviour.  
Similarly, aluminium has numerous different alloying grades with various 
microstructures and characteristics, which will dictate how the metal foams 
behave.  However, it is not trivial to relate and compare the properties of metal 

peak
peak
153
foams just by considering their base metal properties. Comparing the materials 
studied in this thesis, the effect of base material for the porous metal foams seems 
to be offset by other factors including the pore structure, porosity, cell defects etc.  
Many of these parameters have been studied in this thesis and elsewhere [16, 68, 
136, 137].  Even though stainless steel is stronger than both pure titanium and 
aluminium, it’s corresponding porous metal has much lower mechanical properties 
and also behaves in a ductile manner during fracture. As mentioned in 5.2.5, the 
extent of plastic deformation carried by the cell walls and struts of stainless steel 
foams is more than that was observed in titanium foams, resulting in a more 
ductile fracture behaviour in stainless steel foams.            
Figure 7-2: Stress-strain curve of pure titanium [138], stainless steel [139], and aluminium [140] in 
tension
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Fracture Mechanics
Cyclic Fatigue Crack Growth 
The Paris law exponent ( of the metallic foams studied in this work are very 
high.  They have different fatigue crack growth rate depending on their porosity 
and the mechanical properties of their base materials; however, the effect of crack 
bridging and crack closure can be seen in all of these metallic foams (porous 
titanium and stainless steel foams). Such effects was also seen in Alulight and 
Alporas foams [24]. Titanium and stainless steel foams have their differences and 
can be used for different applications; though, they mechanically act the same.  As 
discussed in Chapters 5 and 6, titanium foams showed partially plastic behaviour 
under fatigue crack growth testing, while the stainless steel foam showed fully 
plastic behaviour and crack bridging was seen in both open pore metal foams. In 
addition, the stainless steel foam showed a ductile fracture behaviour, while 
titanium showed a semi-ductile behaviour. The crack tip blunting in the loading 
cycles was an important mechanism of the fatigue crack growth in a highly porous
(92% porosity) ductile stainless steel foam, which agrees with the observation in 
ductile metals [141]. Tensile fatigue crack growth in all of these foams initiated 
from micro cracks due to their structure, which then leads to a large crack, then 
propagates until the sample fails.  In contrast to their base metal, all of these foams 
have defects and flaws in their structure, which under cyclic loading leads to large
cracks and eventual failure. In metal foams, on the contrary to the base metal, due 
to its porous structure, a non-uniform stress-strain behaviour was always present.
Different strut shape, thickness, orientation and density variations all affect the 
stress and strain distribution in each cross-section.    
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The fatigue life of metal foams, like their base metals, decreases with increasing 
applied load during service. The hardness of the metallic foam is proportional to 
the uniaxial yield stress.  At large strains, the foams not only show the hardening 
behaviour due to their base materials but also because of the foams’ topology.
For materials such as porous metals, which have inherent flaws, it is important to 
know the crack propagation per cycle, , as a function of stress intensity 
factor , which is fitted by the Paris law:
Equation 7-1
In porous metals, the cell walls ahead of the crack are flexed continuously until 
they break and this advances the crack [27]. Huang and Lin [142] used 
dimensional arguments to discuss the fatigue of cellular materials.  They have 
explained that micro cracks and macro-cracks exist in foams.  By some cyclic 
loading, the first cell wall ahead of this macro-crack tip fails and the crack
advances.  For micro crack propagation, the Paris law was used by Huang and Lin, 
similar to our study, to calculate the number of cycles to failure.  They had also 
found that the fatigue of such materials depends on stress intensity range, cell size, 
relative density and also on the fatigue properties of the base material [142].
As Gibson and Ashby have mentioned in their book, the number of cycles to break 
a cellular wall can be calculated by:
=
Equation 7-2
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is the strain that causes failure in one half-cycle [27]. is a constant usually 
about 2.  The corresponding strain for cyclic loading is calculated by [27]:
Equation 7-3
Equation 7-4
By substituting for ,
Equation 7-5
where 
Equation 7-6
depends on density of the foam.  Gibson and Ashby [27] have shown that an 
increase in the mean tensile stress for a given stress amplitude leads to an increase
in crack propagation rate [27].  This shows that the maximum and are 
important in crack propagation. The cyclic stress intensity range needed to give a
similar macro-crack growth rate of 10-5mm/cycle for three different relative 
densities of titanium foams (0.3 and 0.4 [106], and 0.65 [81]) is shown in Figure 
7-3. For metal foams made from the same base metal, similar geometry but 
different relative densities, the cyclic stress intensity range increases with 
increasing relative density of the foam as a constant macro-crack growth rate.
This is in agreement with the findings by Huang and Lin [142].
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Figure 7-3: Stress intensity amplitude against density of three foams of chapter 6 at crack growth 
rate of 10-5mm/cycle 
Fracture Toughness
In our work, the elastic plastic fracture toughness has been used.  Titanium foams 
and stainless steel foams have partial and total plastic deformation, respectively.  
Their ductile behaviour has been shown by micro void growth and coalescence at 
the crack tip. When the local stresses and strains are high enough, voids start to 
nucleate and grow as the crack blunts [143] and bond with the key crack.  When 
plastic deformation happens ahead of the crack tip, crack propagation happens in a 
zone of deformed material.  When the deformation zone is heterogeneous, the 
crack is repelled from the propagating plane and this causes surface roughness 
[107].  The stress field in the material affects the deformation process and the 
propagating crack of the material [107].  Ductile crack growth is much more stable 
than brittle fracture [143] due to the increasing resistance curve.  In ductile 
fracture, usually the crack shows a tunnelling effect, meaning the crack grows 
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faster at the centre of the sample because of the higher stress at that region as was 
shown in Figure 5-13.  In brittle materials such as ceramics, cleavage fracture 
happens, where the crystalline substance fractures down the cleavage plane. In 
such instances, the plasticity and ductile crack propagation can occur even though 
the cleavage is often called brittle fracture[143].
In open cell foams with brittle fracture, the relative density is related to the cell 
dimension as [27]:
Equation 7-7
The fracture toughness for open cell foams can be obtained by [27]:
Equation 7-8
The parameter implicitly has all the constants of proportionality.  By using the 
following equation, it is assumed that foam acts as a continuum, which has been 
verified by fracture toughness tests on brittle carbon foams and has been proven to 
be valid for [27, 144].
Equation 7-9
Gibson and Ashby have also discussed the brittle fracture of foams by considering 
them as a continuum [27].  For fracture toughness, they investigated the fracture 
toughness of foams, , in terms of the fracture strength of cell walls, , and the 
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relative density [27].  In open cell foams, the crack grows in a discrete way.  
When a cell wall or strut breaks, the crack grows by one cell width.  Gibson and 
Ashby have mentioned that the deformation in the cell walls is elastic and the 
loads are a set of discrete forces, which act on the cell edges [27]. To calculate the 
fracture parameters, the porous metal foam can be treated as an equivalent 
continuum. In effect, this is similar to replacing the discrete bonds between the 
atoms by a continuum. Therefore, the micro levels of the metal foam are similar to 
the molecular dimensions, which are both small with respect to the whole 
dimension of the heterogeneous material at the specimen scale [107].  With taking 
such circumstances, the porous materials can be considered as a continuum on the 
micro scales.  In this case, their properties are estimated on larger length scales 
than the molecular level [107].
For our ductile titanium foams, we examined whether the Gibson and Ashby’s 
model (Equation 7-8) for fracture toughness of brittle open cell foams is 
applicable.  In addition, the application of McCullough et al. line spring model,
which was developed for Alulight foams, has been investigated here [14].
As explained in Chapter 5, the power law fit gives the most suitable fitting curve 
for this study.  The power law for for our titanium foams is:
= 52.2 Equation 7-10
To find the cell size the mean intercept method was used.  According to the 
following equation, the mean cell size differs with relative density by the 
following equations:
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) Equation 7-11
Here is an initial given cell size of 1.3mm [14]The micromechanical model of 
Gibson and Ashby is given by Equation 7-8 with =0.65.  
For the line spring model, is found to depend on the area under the 
crack traction versus displacement curve: 
Equation 7-12
In the line spring model, the energy absorbed, at displacement is [14]:
Equation 7-13
The proposed crack bridging law defines traction based on a reference 
stress and a power law exponent [14].
Equation 7-14
Depending on the value of , different crack bridging laws could be defined.  For 
example, =1 results in a linear crack bridging law and =0 results in a rigid-
ideally plastic limit.  This power law relation is chosen for evaluation of in 
terms of the area ( under the crack traction versus displacement curve.  
Therefore, the following equation can be written for [14]:
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Equation 7-15
Consequently, KIC is found by using the following equation:
Equation 7-16
Where . The KIC for the line spring model for two power 
exponents of =1 and =0 are shown in the Figure 7-4.  The curves for this 
model, specially the one for =0, are very close to the measured experimental 
values of titanium foams.  The micromechanical model of Gibson and Ashby is
only close to the experimental results at low relative densities ( . By 
increasing the relative density, the micromechanical curve grows farther apart.  
Figure 7-4: Comparison of predicted micromechanical model from Equation 7-8, and line spring 
model for titanium foams
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For highly porous titanium foams with partial plastic deformation and semi ductile
behaviour, the line spring model [14] fits better than the micromechanical model,
which should be used only for brittle open cell foams [27].
For stainless steel foam, the KIC for the line spring model for two power exponents 
of =1 and =0 are shown in the Figure 7-5.  The highly porous stainless steel 
foam studied in this thesis is represented by a very low density of 0.08 in this 
figure.  It was shown in Chapter 5, that this high porosity material has fully plastic 
fracture toughness behaviour. The micromechanical model of Gibson and Ashby, 
as well as both line spring model predictions with =1 and =0 predict the KIC of 
stainless steel foam almost very closely at relative density of 0.08. However, the 
conclusion that was drawn for titanium foam cannot be made here due to the
limited number of data points. This is because it is not possible to characterise the 
KIC trend versus relative density of stainless steel foam with only one data point 
available.  Furthermore, there is no data available on the stainless steel foams in 
literature to give an estimate for KIC of the stainless steel foam at other relative 
densities. Nevertheless, the fully plastic fracture toughness behaviour of this 
highly porous foam is fully characterised for the relative density of 0.08 as it was 
presented in Chapters 5 and 6. Our data combined with the two theoretical models 
suggests that at a very low relative densities there is very little difference in KIC
values whether the mode of deformation and fracture is elastic, elastic-plastic or 
fully plastic.
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Figure 7-5: Comparison of predicted micromechanical model from Equation 7-8, and line spring 
model  for 92% porous stainless steel foam
7.2 Implants
Load-bearing implants have been in market for few decades now; however, these 
implants lack sufficient osseointegration and they fail after 10-15 years.  The most 
common implants are made from titanium and CoCrMo using different 
manufacturing techniques [59].  During the past decade lots of research has been 
undertaken to come up with a unique porous material for implantations.  Currently 
there are just a few companies, which have used the porous biocompatible metals 
for implants in some very limited applications [58, 59].  Inadequate examples of 
commercially available porous titanium for orthopaedic surgeries are: 1) porous 
titanium produced via the space holder technique for spinal fusion devices by 
Synthes GmbH [58], and porous titanium manufactured currently via porous 
plasma spraying for hip and shoulder surgeries by Biomet Inc.[59].
Limited knowledge of mechanical properties of the metal foams and their bone 
in-growth are the reasons for such limited applications.  It has been reported that 
some porous coated titanium implants have about 50-75% lower fatigue strength 
than their solid metals due to the high concentrated stress regions [59, 145]. The 
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findings in this research work for highly porous stainless steel and titanium foams 
are important to deepen the knowledge of porous biocompatible metals and to 
pave ways to improve such porous metals with a vision of having a great long-
lasting biocompatible load-bearing implant in near future.
7.3 Conclusion
The number of applications for metal foams is increasing; however, this is still 
very limited due to high manufacturing cost, and the lack of knowledge on 
mechanical properties of these foams.  Therefore, it is essential to carry out even 
more testing on the fatigue and fracture behaviour and improving the production 
process of these metal foams. The outcome of this work could help to improve the 
metal foam fabrication, hopefully in large scale by manufacturers, for not only 
biomedical usage such as orthopaedic implants, but also other application such as 
those in aerospace and automobile industries.  
Learning more about the mechanical behaviour of porous metals adds to design 
optimisation.  Even though there have been different processing routes to make 
titanium and stainless steel foams, there are still challenges to understand the 
unique properties of foams.  Next chapter cover future works, which could help to 
further understand metallic foams.
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C H A P T E R  E I G H T
8 Conclusion and Recommendations for
Future Work
This thesis investigated the mechanical properties of high porous titanium foams 
and stainless steel foam, with the focus on fracture toughness and fatigue crack 
growth resistance rate of these foam materials for use in orthopaedic and dental 
fields.  This was achieved by analysing theoretical models, carrying out finite 
element simulations and conducting experiments on the fracture toughness and 
fatigue crack propagation of these foam metals according to ASTM standards, and 
analysing the data and their micro and macro structural behaviour.    
8.1 Manufacturing Method
The advantages of powder metallurgy method to manufacture titanium foams 
were:
 Being able to control the pore size
 This procedure is appropriate for materials with high melting point such as 
titanium.
 The pore distribution and pore parameters are controllable with this simple 
method.
The drawbacks of this method are:
 Making very large samples is difficult with this method due to the size of 
vacuum furnace and the existing moulds.  
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A future recommendation is to investigate the best possible method for making 
large titanium samples for mechanical testing.
8.2 Uniaxial Compression Testing
The uniaxial compression properties on 63% titanium foams have been measured.  
It was observed that porous metals have some defective cells.  The thin cell faces 
result in rupture at low strain.  During compression testing, the porous materials 
yield at low strain and the unloading Young’s modulus is much higher than the 
slope of the initial loading line. 
8.3 Fracture Toughness Testing
The fracture toughness responses of porous materials show -curve behaviour due 
to the emergence of a bridging zone following the crack tip.  At the front of the 
crack tip cell rupture is seen. The -integral has been used to characterise the 
fracture toughness of porous titanium and stainless steel foams.  The fracture 
toughness of titanium foams has been measured and explained in terms of 
microstructure.  It is known that data which result in the value is independent 
of in-plane dimensions of the specimen.  In this range of relative densities, the 
titanium foam with higher (lower porosity) is tougher than the titanium with 
lower (higher porosity). This shows that the plane strain fracture toughness 
increases with relative density.  Also, the compact tension titanium specimens 
have some plastic collapse along the ligament.  Titanium foams with densities 
between 0.30
 
0.40 not only have a matched stiffness to various body parts 
such as dentin and cancellous bone [117], but also seem to be appropriate choice 
for implant’s material selection from a fracture toughness point of view.  
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Some questions that can be answered and investigated by future work are 
described below:
 How can toughness of porous titanium and stainless steel foams be 
improved without decreasing the porosity?  
 What is the effect of different environments on the toughness of these 
porous materials?
 How can we improve the use of porous metals in other industries?
8.4 Fatigue Crack Growth Rate Testing
The fatigue crack propagation testing was carried out on stainless steel foams and 
60% titanium foams with and without coating.  The mode I fatigue crack growth of 
these metal foams measured by both the image processing and compliance 
techniques produce results that were reproducible and in good agreement.  
Titanium foam with 60% porosity has a significantly higher Paris exponent than 
solid titanium, most likely caused by crack closure and crack bridging.  The Paris 
exponent was also higher than cortical bone and dentin, suggesting that high
porosity titanium foams would not be limited by their fatigue crack growth 
resistance for implantation to replace various skeleton parts.  A solid coating on 
the titanium foam resulted in lower crack growth rates for a given stress intensity 
factor and a lower Paris exponent than the uncoated foam.  The load ratio had a 
negligible effect on the FCP behaviour of both materials.  This could arise due to 
crack closure of the fracture surfaces.  The mode I fatigue crack growth of 
stainless steel foam has been measured and explained in terms of microstructure.  
The CT specimens showed full plastic collapse along the ligament.  It was 
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concluded that microstructure of the foam has a significant influence on the fatigue 
crack growth of stainless steel foam and this was in agreement with previous 
studies on fracture behaviour of titanium and aluminium foams.  Stainless steel 
foam has higher Paris exponent than solid stainless steel.  The high Paris exponent 
was explained by crack bridging.  Stainless steel foam with such high porosity is a 
possible choice for implantation as cancellous bone.  Further research would be 
beneficial to understand the effect of environment, and powder coating on the 
crack growth rate of these metallic foams.  
The following questions are recommended for further investigation:
 How can the crack growth resistance of porous titanium and stainless steel 
foams be improved without decreasing the porosity?  
 What is the effect of different environments on the crack growth resistance 
rate of these porous metals?
 What is the effect of interaction of cracks with the micro-pores within the 
pore walls?
 May the compression of gas inside the closed pores provide tensile stress in 
the pore walls? 
 Are these two metallic foams having good crack growth resistance rate for 
practice in other industries? 
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8.5 Analytical Method
There are various analytical and numerical models and methods to examine 
inhomogeneious materials’ property.  In this thesis a model from Gibson and 
Ashby was examined for heterogeneous material, the titanium foams.  The 
applicability of the crushable foam material model by Deshpande and Fleck, which 
is based on aluminium foam, was also examined for titanium foams.  
The numerical study of foam with this material model was carried out with 
Abaqus/explicit software [28]. The material model was found to be suitable for 
titanium foams in compression simulations; however, the use of Deshpande-Fleck 
material model incorporates a solid that is represented numerically with the foam 
material properties. In detailed fracture mechanics finite element modelling, an 
explicit representation of the foam would be preferred. In such simulations, the 
foam could be modelled as a solid that actually contains voids and cell walls 
morphologies are meshed and refined to capture the discrete behaviour of the 
metal foam. In future work, model creation could be automated and high 
performance computing facilities could be used to handle the complexities rose in 
such detailed simulations. 
8.6 Novel Porous Metals versus Human Bone
An implant material must meet minimum requirements for multiple properties. 
Therefore, it is not feasible to optimise one property at the expense of all others. 
With the spider diagram, one can visualise the requirements for titanium foam [51, 
105, 117] and stainless steel foam [5, 146] compared to ideal bone [111, 113, 125, 
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147, 148] material properties (Figure 8-1).  While all these materials have great 
biocompatibility, the fracture toughness of 60% titanium foams is greater than 
both bone types and 92% stainless steel foams.  Other than the fracture toughness 
property, the other mentioned properties (relative density, Young’s modulus, and 
compressive strength) of cortical bone are greater than other listed materials
(Figure 8-1).  These novel metallic foams could be a suitable choice for bone 
replacements, particularly due to capability to adjust the relative density to achieve 
the desirable porosity.       
Figure 8-1: Spider diagram of bone and biocompatible foams’ mechanical properties
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